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ABSTRACT
The heat transfer enhancements available from expanding the cross-section
of a boiling microchannel are explored analytically and experimentally. Evaluation
of the literature on critical heat flux in flow boiling and associated pressure
drop behavior is presented with predictive critical heat flux (CHF) and pressure
drop correlations. An optimum channel configuration allowing maximum CHF
while reducing pressure drop is sought.
A perturbation of the channel diameter is employed to examine CHF and
pressure drop relationships from the literature with the aim of identifying
those adequately general and suitable for use in a scenario with an expanding
channel. Several CHF criteria are identified which predict an optimizable
channel expansion, though many do not. Pressure drop relationships admit
improvement with expansion, and no optimum presents itself. The relevant
physical phenomena surrounding flow boiling pressure drop are considered, and
a balance of dimensionless numbers is presented that may be of qualitative use.
The design, fabrication, inspection, and experimental evaluation of four
copper microchannel arrays of different channel expansion rates with R-134a
refrigerant is presented. Optimum rates of expansion which maximize the
critical heat flux are considered at multiple flow rates, and experimental results
are presented demonstrating optima. The effect of expansion on the boiling
number is considered, and experiments demonstrate that expansion produces
a notable increase in the boiling number in the region explored, though no
optima are observed. Significant decrease in the pressure drop across the
evaporator is observed with the expanding channels, and no optima appear.
Discussion of the significance of this finding is presented, along with possible
avenues for future work.
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Chapter 1
MOTIVATION AND BACKGROUND
Who needs cooling, and why? Does not the second law of thermodynamics
declare that concentrations of heat just go away? While man continues to
make faster airplanes, more powerful automobiles, taller buildings, and bigger
power plants, the natural heat sinks have failed to improve in millennia. The
atmosphere, earth, or ocean must always accept the heat rejected by even the
most clever thermodynamic cycles, and ultimately the vastness of cold space
accepts the infrared radiation from the blue-white planet. Standing between
man and his ultimate heat sinks are engineered devices called heat exchangers.
1.1 Needs and Means for Cooling
The thermal management engineer may be justly likened to the undertaker;
it is best if he is not needed, but he inevitably is. Heat-exchange apparatuses
are required in every thermodynamic cycle, no matter how simple, as “[i]n
all cases where work is produced by heat, a quantity of heat is consumed
proportional to the work done; and inversely, by the expenditure of the same
amount of work the same quantity of heat may be produced” (Herr Clausius
[1]). If the engineer wishes to accomplish most any task consuming or generating
useful work, heat exchange will be required. Moreover, “with a given change
in condition [i.e. a thermodynamic process] the external work may differ in
amount, according as the change takes place in a reversible or a non-reversible
manner” (Herr Clausius [1]). This is the basic idea behind exergy analysis, first
sketched by Clausius, later developed by Gibbs [2], and minted into modern
vocabulary by Rant [3]. How a cycle is accomplished directly affects its utility;
wasted work becomes entropy, and the exergy of the system is reduced. Heat
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transfer across a finite temperature difference generates entropy [1], therefore,
if less resistance is offered to heat flow by the heat exchange devices, any given
process may capture more of the available work.
As discussion moves beyond process efficiency to device effectiveness, heat
exchange stubbornly refuses to depart the stage. Low-power design and thoughtful
component layout can mitigate the need to pump away unwanted heat, but
performance demands inevitably outstrip efficient architecture, and the waste
heat generated by ever-smaller, higher-power and higher-frequency devices
must be dissipated. The ability to employ processes which rapidly convert
energy into beneficial formats is increasingly limited by the ability to reject
substantial amounts of heat energy in space- or weight-limited devices. The
F-35 multirole fighter jet is thermally limited [4], with all three variants
indicating as recently as 2011 that thermal management systems were ”[s]ignificant
contributors to low reliability” (US DoD, [4]). The high-power engines and
electronics cannot communicate heat effectively to a sink; this fundamentally
describes a heat-exchanger problem. The possibility of deploying any type
of fusion reactor for power generation is only realized if the immense heat
fluxes on the containment structure can be effectively managed, and the heat
ducted away to a heat engine [5, 6, 7]. Operating turbines at elevated inlet
temperatures allows efficient Brayton cycles, and has long been a goal of
the turbine community [8], but the material limits of the turbine blades
impose a restriction; if the blades may be effectively cooled from within,
a more efficient cycle is obtained [9]. Electronics applications require heat
extraction at modest, consistent, temperatures [10]. Hydrogen stored in media
such as metal hydrides must be rapidly implantable and extractable, and
one of these processes will typically be exothermic. The chemists thus leave
2
the thermal engineer with the task of maintaining mild temperatures in an
extensive insulating pyrophoric medium with nonuniform heat generation [11].
Many other engineering examples offer themselves [12, 13], forcing the conclusion
that thermal limitations are a ubiquitous challenge across engineering disciplines.
The low-temperature reservoir for many cycles is the atmosphere, and
power plant cooling towers, air-conditioner condensers, automobiles, locomotives,
airplanes, and even human beings discard most of their waste heat to the
surrounding air. The conventional modes of heat transfer are conduction,
convection, and radiation, and to this list may be added phase change, though
with the distinction that this last mode is driven by a chemical potential
gradient which may or may not be thermally induced. A brief orientation to
these modes of heat transfer will be pursued to illustrate the issues facing the
thermal engineer.
The basic mediators of heat transfer are electrons, photons, and phonons
[14]. Electrons are certainly familiar from their role in charge transfer in a
conductor where they are but loosely constrained to any particular atomic
nucleus. This same condition renders them admirable conductors of heat
irrespective of charge, and Joule heating, the thermoelectric effect [15], and
Peltier devices all reflect aspects of the interrelation of heat and charge transfer
by electrons. Conduction in a solid insulating body will be dominated by
phonons, which represent the discrete-particle view of lattice vibrations, while
in a conductive body electron motion is the principal means of energy transfer.
Conduction through a fluid occurs via interatomic or intermolecular collisions
(which are electrical interactions), whereby faster particles deposit energy into
slower particles. Effective conduction heat transfer requires reliable energy
transfer from one atom or molecule to another, and is therefore most often
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achieved in crystalline structures; in metals because of the preponderance of
energy-carrying electrons, and in dielectric crystals because the rigid coupling
between atoms allows high-energy phonon flow. Conduction through a fluid is
typically negligible, evidenced by the employment of still air as the preponderant
American home insulation material, and the universally understood need to
stir the soup.
Heat transfer in a fluid is still governed chiefly by intermolecular or interatomic
collisions, but the rate at which these occur can be drastically improved by
agitating the fluid. If a solid object is heating a fluid, the fluid molecules
must either come into contact with the hot surface or receive a photon from
it, which events are more likely to happen if the fluid particle is near the hot
wall, within a mean-free-pathlength or so. To allow all fluid molecules to have
this opportunity, they may be agitated by externally inducing fluid shear or
impingement on the surface. Forced-air convection can transfer useful amounts
of heat, and is employed in condenser coils, casting heat treatment, and space
heating and cooling. Large blowers are typically required to obtain superficial
velocities high enough to effectively transfer heat, and the energy cost of
moving the air is nontrivial. Liquid coolants conduct heat better than gases,
as the intermolecular interactions are stronger, but even liquid coolants are
typically pumped to obtain high superficial velocities and effective extraction
of heat from a solid body.
Thermal radiation is the spontaneous emission of photons from a body at
nonzero temperature. The photons carry energy away from the emitting body,
and may deposit their momentum to an intercepting body. Every object is
perpetually exchanging thermal radiation with its surroundings, and a net heat
transfer will occur if the body in question has a temperature at all different
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from the surroundings. Again, this is the only means available for Earth to
reject the heat it absorbs from the sun and generates via radioactive decay.
The magnitude of conduction and convection heat exchange vary linearly
with the temperature difference between the media in question, whereas radiation
depends on the difference between absolute temperatures to the fourth power.
The magnitude of radiation heat exchange is reduced by the Stefan-Boltzmann
constant, a small factor (O(10−8)) which links the statistical motion of the
radiating particles to the intensity of emitted photons, and while recent advances
have been made in nanophotonics [16] which may promise improved radiation
heat transfer by artificially enhancing the density of photonic states, radiative
heat transfer typically requires large absolute temperature differences to make
significant contributions to cooling. These three modes of heat transfer are
present in virtually every physical system, as heat is typically generated inside
solid devices, conducted to the skin, and convected and radiated away to the
sinks.
Changing the thermodynamic phase of a substance is not strictly a mode
of heat transfer, as the substance undergoing the change must accept or
reject heat via one of the modes discussed above, but phase change does
represent an opportunity for significant energy arbitrage, and its employment
may complement the heat transfer modes discussed above. Conventional
steam-generation boilers couple the liquid-to-vapor transition of water with
intense convective heat transfer in heated tubes. By virtue of Gibbs’ phase rule
[2], the temperature of the liquid-vapor mixture is coupled to the pressure of
the system, allowing the boiler designer a measure of predictability. In climates
where relative humidity is low enough, cooling towers may be employed.
These devices may use a fan to induce a draft, or they may be constructed
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with a hyperbolic profile and adequate height to persuade buoyancy forces
to drive convection. In either case, ambient air is ducted over louvers which
are continually sprinkled with water, typically drawn from a basin inside the
bottom of the tower. Provided that the ambient air has a relative humidity
less than 100%, thermal energy from the air will be spent loosening the
intermolecular forces in the water, and liquid water will evaporate into vapor
and be carried away by the draft. Cooling towers allow rejection of substantial
quantities of heat without requiring the high driving temperatures needed
for dry cooling, but at the cost of substantial water use and the tragedy
of the commons: by raising the relative humidity, each tower makes every
other tower less effective. Again, convection is coupled with a phase-change
to obtain improved cooling performance, and this pairing presents potent
possibilities at small scales, where the cooling device scale enforces proximity
of coolant molecules to the heated walls. A useful tool in this application is
the microchannel.
The present work presents an advance in flow-boiling heat-exchanger design,
analytically and experimentally treating the possibility of optimizing the shape
of a microchannel to enhance heat rejection and reduce the associated system
costs, such as pumping. Reducing the required work input directly increases
the first-law efficiency (net work out over total heat in) of a given cycle, and
reducing the resistance to heat transfer of either the accepting or rejecting heat
exchanger improves the second-law efficiency (work obtained over maximum
available work).
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1.2 Prior Work and Relevant Literature
Microchannels promise a compact, versatile, tunable solution to a substantial
set of thermal management problems. Enhancing convection by shrinking
the scale of the channel is an extremely attractive option at small device
scales. Conventional convective relationships for predicting the heat transfer
coefficient [17] look like:
h=
Nu · k
d
(1.1)
where h is the convective heat transfer coefficient (in Wm2K ), Nu the dimensionless
Nusselt number which represents the ratio of convection to conduction in the
fluid and is typically obtained via experimental correlation, k, the thermal
conductivity of the fluid ( Wm·K ), and d the appropriate length scale of the
flow, which for internal flow is the diameter of the tube carrying the fluid.
The Nusselt number is an experimentally derived value, with a variety of
correlations tailored to specific flow regimes. In laminar flow, which is typical
for single-phase microchannels, the Nusselt number carries a sub-unity dependence
on the length scale [17], meaning that the limit of Eq. 1.1 tends to infinity as d
goes to zero. This behavior clearly extrapolates from a physical correlation into
nonphysical values, but for some region, as the diameter of a tube decreases the
resistance of the flow to convective heat transfer also decreases. The question
remains: how far does this trend hold?
In 1981, Tuckerman and Pease [10] explored this question, both analytically
and experimentally, pursuing heat-sinking for very-large-scale-integrated circuitry.
This investigation employed 23◦C deionized water in 1cm long etched silicon
channels of 50μm width separated by 50μm walls with an inlet pressure of
∼ 31psi. They obtained excellent results, including a heat flux of 790 Wcm2 , which
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remains an admirably high heat flux, though obtained with a high (∼ 153◦C)
wall temperature. Their pioneering work prompted many to examine the
dramatic increase in convective heat transfer coefficients that are predicted in
small-diameter tubes. Khan and Fartaj [18] provide an extensive and recent
review of literature dominated by single-phase flow. Single-phase microscale
flows enable high heat rejection rates, but are perpetually dogged by the
inverse fourth power on diameter in Poiseuille’s law [19, 17]. Pressure drop in
laminar flow obeys the relation:
ΔP=
128μLV˙
πd4
(1.2)
where ΔP is the end-to-end pressure drop across the tube (Pa), μ the dynamic
viscosity ( kgm·s), L the length of the tube (m), and V˙ the volumetric flow rate
(m
3
s ). The pump work associated with a given pressure drop is:
W˙pump = V˙ΔP (1.3)
where W˙pump is the pump work rate (W ) and V˙ the volumetric flow rate (m
3
s ).
Thus, the cost to drive flow through a given heat sink increases tremendously as
the relevant dimensions of the heat sink decrease. Single-phase flow must also
experience a temperature gradient along its length, and the internal energy
increase of the fluid is the only reservoir into which the heated wall may
deposit heat. By the same argument, sufficient coolant must be supplied at
a low enough temperature for the rejected heat to be satisfactorily gathered
and carried away. While small-scale devices obtain phenomenal heat transfer
behavior, as Tuckerman and Pease [10] demonstrated, it comes at the cost
of high pressure drops, higher coolant inventories, and flow-wise temperature
gradients which are inherent in the phenomenon. Each of the enumerated
challenges flies directly in the face of various engineering needs. Mobile platforms
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prefer to minimize coolant inventories and conserve on parasitic work; electronics
prefer a uniform operating temperature; and plant operators would prefer to
minimize all three effects to aid process repeatability and reduce costs.
Employment of the latent heat of vaporization of a liquid coolant holds out
promise for moving beyond some of the limitations of single-phase flow. The
principal drawback, on the surface, is the exchange of a quasi-static system
that operates at a predictable and repeatable steady-state for the inherently
dynamic boiling process, where flow is dramatically less predictable in time and
in space. For all that, flow boiling remains a tantalizing tool to employ in the
pursuit of higher-heat-density cooling applications. Phase-change promises
obvious advantages in large latent heats, reduced coolant inventories, and
stable, pressure-selectable sink temperatures.
Early work by El-Masri and Louis [9] examined thin water-film boiling
in micropassages inside turbine blades, and expected very large heat fluxes
(∼ 400 Wcm2 ) to be carried off by centrifugally- and Coriolis-driven flow; this work
highlighted the excellent heat rates promised by microchannel boiling, and
neatly avoided the question of driving pressure drop. An excellent and recent
survey of the field is supplied by Kandlikar [20], which, with some overlap into
single phase flow, weighs well the state of the art and the challenges impeding
the widespread application of microscale flow boiling. The common themes of
pressure drop oscillation and critical heat flux (CHF) are sounded time and
again, and the reader is directed to Kandlikar’s extensive bibliography [20] for
further exploration. The challenge of harnessing microscale flow boiling lies
with drawbacks which appear in the practical application of the phenomenon.
Zhang et al. [21], Chang and Pan [22], Qu and Mudawar [23], and Kandlikar
[24], among others, have observed and investigated the unstable nature of
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multiphase microchannel flow, where local stochastic processes like bubble
nucleation cascade up into global unpredictability of the entire heat sink.
Much research has subsequently targeted the reduction or elimination of these
thermohydraulic instabilities, which tend to limit the achievable heat flux.
Thermal instabilities become pressure instabilities, as local temperature
irregularities cause the flow to boil in a more inhomogeneous fashion than
usual, and the subsequent changes in the flow field feed back into thermal
behavior because of local dryout or flow reversal. Because thermal loads will
often be somewhat variable, due to the locality of heating effects in circuitry
or other applications, the principal emphasis of instability suppression has
been to break the oscillatory cycle by manipulating the flow field through
modification of the pressure profile.
Elimination of flow reversal can be readily accomplished by imposition of
a steep pressure gradient at or near the inlet of the channels. This clearly
approaches the limiting case of an expansion valve in a vapor-compression
refrigerant loop, which is a known stable configuration. By using less aggressive
chokes in the flow path, called inlet restrictors, many investigators [25, 26, 27,
28, 29] have successfully reduced oscillatory instabilities, but at the cost of a
significant pumping penalty.
Mukherjee and Kandlikar [30, 31] considered the effect of an inlet constriction
to be beneficial for reducing pressure oscillations and consequently enhancing
CHF, and posited a greater beneficial effect from a series of finite constrictions.
An expanding vapor bubble in such a channel was modeled and the output
was promising. Channel expansion allowed the bubble growth to proceed
predominately downstream, somewhat ameliorating the flow reversal that can
be introduced by bubble expansion in a straight channel. Mukherjee and
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Kandlikar [30, 31] allowed that a series of finite constrictions could be a
challenge to manufacture, and suggested that continuous expansion would
serve better than none.
Some investigators [32, 33] have fabricated reentrant cavities and nucleation
sites into the channel walls, which will aid in bubble nucleation at lower wall
temperatures, but may not directly affect pressure behavior. However, Lu and
Pan [33] obtained significant improvement in heat sink behavior by combining
artificial nucleation sites with the somewhat novel idea of an expanding channel
cross-section. This concept was first introduced to the thermal literature
by Hwang et al. [34] by examining pressure effects of varying-cross-section
channels on ethanol-CO2 flows, and benefits were noted from expansion.
Pan and colleagues continued to pursue a number of related experiments,
using continuously-expanding etched silicon microchannels; singly in the effort
of Lee and Pan [35], but also in the parallel arrays considered by Lu and
Pan [36, 33, 37]. More recently, Liu, Fu, and Pan [38] investigated arrays of
expanding microchannels in other flow patterns with a mind toward engineering
applications.
Balasubramanian et al. [39] have also inquired into expanding microchannels,
using copper with wire-EDM-cut channels; discrete cross-sectional area changes
are made by chopping a channel wall at a given point along the flow direction,
thus merging two neighboring channels and adding the wall space in between.
Results from all of these groups have been uniformly positive, as expected by
Mukherjee and Kandlikar [30, 31]: expanding the cross section of a microchannel
reduces instabilities and improves both CHF and pressure drop characteristics.
The most natural answer to accommodating the reduced density of the
boiling bulk coolant would indeed seem to be an expanding microchannel
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cross-section. The method shows promise, and an analysis and optimization
of the expanding channel effect via numerical solution of appropriate governing
equations in a channel of rectangular cross-section has peen pursued [40], but
this method must compete for applicability among other options, such as inlet
restrictors. A major discriminator between the technologies is likely to be the
cost of pumping boiling coolant through the evaporator.
Pressure drop in small channels has been addressed by a number of researchers,
beginning with Poiseuille [19], but modern consideration of boiling flow was
dominated by macroscale applications, such as boilers, and an excellent and
enduring treatment was given by Lockhart and Martinelli [41], Martinelli and
Nelson [42], and later, Thom [43]. The results of these researchers were carried
downward in channel size for some time, and departure from the venerable
Lockhart and Martinalli [41] correlation in mini- and microchannels began to
be contemplated be Lazarek and Black [44], who modified it for their frictional
pressure drop in short tubes with fluorocarbon refrigerants. Kandlikar [45]
provided an excellent review of the literature up to the year 2001, and it is
notable that only ten of the twenty-eight investigations he surveyed took up
pressure drop directly. The reader is directed to the extensive bibliography
in Kandlikar’s paper [45] for further investigation. Since that survey, much
more attention has been paid to understanding the mechanisms of the boiling
pressure effects, especially in light of their tight coupling to heat transfer
phenomena.
Subsequent investigators [26, 46, 47, 48, 49] have taken up the questions of
classification and prediction of pressure drop through microchannels, and as
usual, new correlations work well for the data sets from which they are derived,
but a lack of generality persists. Mudawar [13] recently surveyed the challenges
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encountered in his career investigating boiling flow, and noted in particular
the multiplicity of factors contributing to pressure drop across microchannel
evaporators, and the ongoing disagreement over their significance and prediction.
However, his extensive paper is also a paean to the variety of employment
microchannels have found in emerging and established technology, and leaves
the researcher encouraged that the applications engineers may be catching
on and catching up to the state of the art. The question of pressure drop
in microchannels is tightly coupled to the study of critical heat flux (CHF)
phenomena, and boiling phenomena more generally. Recent work by Chen and
Garimella [50] underscores this fact, and demands comprehensive investigation
of coupled phenomena.
Returning to the innovation of channel cross-sectional expansion, as considered
by Hwang and Pan [34], Mukherjee and Kandlikar [30, 31], Lee and Pan [35],
Lu and Pan [36, 33, 37], Balasubramanian et al. [39], Liu, Fu and Pan [38],
and Miner, Phelan, and colleagues [51, 52], the question of overall effectiveness
remains. While many of these investigations principally contemplated CHF
phenomena, Lee and Pan [35] noted that their single expanding microchannel
produced a higher single-phase pressure drop and approximately equivalent
two-phase pressure drop to their straight channel. Lu and Pan [33] report
significant increases in the stability of their expanding-channel heat sink,
particularly when artificial nucleation sites were added, and Lu and Pan
[37] note only that expansion may reduce two-phase flow pressure drop in
boiling flow. Balasubramanian et al. [39] report significant pressure drop
improvements from an array of discontinuously expanding channels. Water
was employed by all of these investigators. The results in the literature are
hopeful, but not unanimous.
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A note will be made at this point which may prove helpful, considering
the present paucity of researchers in this corner of the field. Along with
novel research, some investigators have coined unhelpful terminology in the
unfortunate term “diverging”[53, 54, 34]. The author politely contests this
term as applied to a cross-section, or to channels unless they truly do tend
away from each other. The only objects which might be appropriately termed
“diverging” are the channel walls, but that usage is not employed. The
author suggests that the unambiguous phrasing of expansion be used by those
researchers engaged with microchannels having enlarged downstream cross-
sectional areas.
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Chapter 2
ANALYTICAL CONSIDERATIONS
The body of data considering microchannels is growing rapidly, and many
investigators have published correlations predicting both critical heat flux
events and pressure drop across a microchannel array. These correlations are
generally derived from limited datasets, and invariably produce acceptable
outcomes for the researchers deriving them. The correlations typically extend
only to very similar circumstances, however, and extrapolation of any correlation
is a danger. In the interest of clarifying which relationships may be of use to
the microchannel engineer who wishes for improved flow boiling. A variety of
correlations available from the literature are examined herein to obtain their
verdicts on the effect of channel cross-sectional expansion.
2.1 Critical Heat Flux Correlations
A variety of predictive correlations for critical heat flux (CHF) have been
examined in light of the growing body of work exploring enhanced flow boiling
CHF via cross-sectional expansion. This analysis considers the effect of a small
perturbation of the diameter of a circular microchannel on the predictions
made by the selected criteria, and seeks to demonstrate an optimum rate of
expansion. It is demonstrated that a nonzero diameter expansion necessarily
improves performance under several criteria for critical heat flux, and an
optimum expansion rate exists for many of these criteria. CHF relations are
seen to follow a few distinct types, and those relations which contemplate
effects which may directly influence CHF, such as pressure and phase velocity,
tend to better reflect the experimentally demonstrated effect of the expanding
channel diameter on CHF. Experimental data are examined from several investigators,
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including the author’s group, and the validity of both the criteria and the
analysis is compared to the data.
Boiling flow in microchannels has been hotly pursued by many individuals
and groups, with a breadth of experimental data, detailed simulations, careful
analysis, and an ever increasing array of criteria predicting the onset of critical
heat flux (CHF) in a microchannel or an array thereof [55, 56, 23, 57, 58, 29,
50]. It seems to be common practice to publish a power-law CHF correlation
beside any new experimental data, providing the researcher a plethora of CHF
correlations from which to choose. Moreover, the improvement of boiling flow
in microchannel heat sinks has been a topic of much research, resulting in a
range of experimentally demonstrated techniques for flow boiling enhancement
[35, 36, 33, 37, 27, 32, 59, 39]. The researcher or application engineer is largely
left to sift through the predictive CHF correlations and enhancements unaided,
as there exists virtually no synthesis of these tools.
Basu et al. [29] recently reviewed a handful of these criteria and proposed
their own prediction for CHF in a single round tube. This motivated a
consideration of how the various CHF criteria surveyed by Basu et al. responded
to the enhancement technique proposed and experimentally investigated by
Pan et al. [34, 35, 36, 33, 37], refined and modeled by Mukherjee and Kandlikar
[30, 31], taken up by Balasubramanian et al. (though not in continuously
expanding channels) [39], further considered by the present author and colleagues
[51, 52], and shown in Fig. 2.1. Expanding the microchannel cross-section
along the flow direction produced favorable results on CHF in simulation
and experiment, but the question of generality and predictability remains.
The present paper begins to consider whether cross-sectional expansion is
universally helpful in boiling microchannel flow, to search for an appropriate
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range of application of the technique, and to compare analytical consideration
of CHF criteria to published data.
Basu et al. [29] considered correlations from Wojtan et al. [56], Katto
and Ohno [57], Bowring [60], and Zhang et al. [58], but due to the length
limitations on Bowring’s correlation, it was not pursued in this study. Another
consideration of various correlations was pursued by Wu et al. [61], who
compared one of the correlations of Katto[62], Qu and Mudawar[23], Wojtan
et al.[56], Qi et el.[63], and Kos¸ar and Peles[64] against a wide range of data
and proposed their own correlation, which is also discussed in this study. The
early Katto correlation discussed by Wu [61] is not included, but the complete
set of correlations by Katto and Ohno [57] is considered, numbered in accord
with the authors’ naming system presented in their seminal paper. Finally, the
CHF mechanism proposed by Revellin and Thome [55] is considered, which was
employed in a numeric-geometric channel optimization study by Miner et al.
[?]. The relations considered in this work are found in Table 2.1, presented in
terms of the boiling number (with the exception of Revellin and Thome’s). The
boiling number is a dimensionless ratio of the heat flux to the product of mass
flux and latent heat, representing a goodness-of-boiling, and the parameters
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employed in each relation are arranged to allow ready comparison between like
terms in the correlations.
A few comments may be made on the various CHF relations. The correlation
of Zhang et al.[58] is plainly the most complicated, requiring eight empirical
parameters, and employs the heated length to diameter ratio Lhd and vapor
to liquid density ratio ρVρL groups twice, with opposite effects. Second in
complexity is the Kos¸ar and Peles[64] correlation, requiring six parameters,
but drawing three of them from a quadratic fit of their dimensionless reduced
pressure p∗ = PoutPcr quantity, which introduces the boiling-suppression effect of
increased pressures provided the system operates adequately below the critical
pressure of the substance. The correlations of Wojtan et al.[56] and Qu and
Mudawar[23] are identical in form, differing only in the weights assigned to
flow quantities, and are both very like the Katto and Ohno[57] correlations,
especially since the (Lh/d)
C
1+ELh/d
form has a corresponding power series, the first
term or two of which would provide forms identical to Wojtan et al. and Qu
and Mudawar’s correlations.
Two major categories of correlations appear: those requiring information
downstream of the test section (or within it), and those which rely only on
upstream quantities. Not surprisingly, the correlations which rely on downstream
information often perform better and more generally than the others [61,
64, 29], reflecting the price which must be paid via experiment, analysis,
or modeling to obtain the additional information. The Basu et al.[29], Wu
et al.[61], and Kos¸ar and Peles[64] correlations all require the outlet quality,
which the present author recognizes from experience to be a difficult parameter
to precisely ascertain in a new application because of the significant effects
of downstream pressure variation and the typical neglect of surface energy
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embodied in droplet or stringy flow. Kos¸ar and Peles [27], and Revellin and
Thome [55] require pressure and phase velocities, respectively. The attraction
of the upstream-only correlations is apparent to the system designer, who
must hazard an approximation of an evaporator’s working limits knowing only
preliminary design variables.
Every relationship but that of Revellin and Thome[55] asserts explicitly
that a large Lhd decreases CHF, while a high mass flux G and latent heat
hLV improve it, but Revellin and Thome [65] explore their criterion and reach
identical conclusions. Not every correlation includes inlet subcooling, but in
every case where it is considered it improves CHF. Kandlikar [24] considered a
variety of boiling parameters, and of his suggested fundamental groups, only
the Weber number appears in the correlations of Table 2.1, though Revellin
and Thome [55] employ the Bond number in their Kelvin-Helmholtz criterion,
which does not directly provide a critical heat flux. All of the relations
explicitly neglect friction, although the effects of viscosity would be reflected
in the correlations employing downstream quantities.
Care has been taken to present the relations in Table 2.1 as uniformly
as possible, to highlight structural similarity between certain correlations.
To that end, powers and constants have been kept as uniform as practical
across different expressions (ie- the Weber number is always raised to the
power D). Additionally, Revellin and Thome’s criterion is displayed as in
their work [55], and not in the guise of a Bond or Confinement number, since
the authors wished to call attention to the most dangerous wavelength in the
Kelvin-Helmholtz instability (which the reader will note to be the physical
phenomenon packed into the Bond and Confinement numbers).
Analysis proceeded by assuming saturated flow at the inlet of round channels
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with a radius (R) described as
R= R0+ εz (2.1)
where R0 is the initial radius at the channel inlet, z is the station along the
channel, and ε , a small parameter, represents the slope of the wall. This small-
perturbation approach is well-established in the fluid mechanics literature, and
provides most of the useful reductions of the Navier-Stokes equations. Implicit
in the employment of this approach is the assumption that small alterations
yield small effects, but those effects ought to tend in the correct direction.
Understanding that the perturbation is employed in derived equations, not
in governing equations, the analysis proceeds by arguing that the original
equation is always recovered if ε tends to zero, and that the results of this
analysis will be tentative until compared with experimental data.
Introducing the radius of Eq. 2.1 into the relations of Table 2.1 and taking
the partial derivative of the critical parameter (Blc or δc) with respect to
ε indicates how an expanding channel will alter the critical parameter. It
is assumed that fluid properties, mass flow rate and heated length remain
unchanged by ε , though downstream quantities may be affected. However,
in the case of fixed channel footprint with a well-insulated test section, the
energy balance is largely unchanged, so the exit quality should not change
significantly. Inlet subcooling is neglected and incoming fluid is assumed to
be saturated liquid, for simplicity. The desired outcome is that both the
critical heat flux and the critical vapor core radius of Revellin and Thome’s[55]
criterion increase with respect to ε , where the critical vapor core radius (rc)
is defined as:
rc = R−δc (2.2)
The calculations pursued were straightforward, but occasionally produced
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long expressions with large groupings of positive terms. Table 2.2 presents only
the resulting terms which control the sign of the ∂∂ε expression. If the sign
was fixed by constant parameters alone, the sum in such cases is presented. If
the sign is fixed by geometry or flow variables (like We or Lh/d) which cannot
be negative, it is presented as an inequality. If there is a competition between
effects permitting the sign to change under certain conditions, the expression
is pursued in Table 2.3. This breakdown is summarized in the last column of
Table 2.2, which indicates the criteria that could favor expansion.
Table 2.2 clearly separates the relations which could permit improvement
from those which would not. Of the correlations which depend only on upstream
information, only Qi et al. [63] and Katto and Ohno [57] admit improvement,
and then only in certain subdivisions of their flow regime map. The correlations
of Basu et al.[29] and Wu et al.[61] might have produced a different response
had the energy balance employed by those authors allowed for ε to affect
the exit quality. Correlations depending on downstream parameters ought to
better reflect streamwise variation of the channel geometry, and the correlations
of Kos¸ar and Peles[64] and Revellin and Thome[55] do admit the possibility
of improvement. Perhaps the correlations which banish the possibility of
improvement would admit it if the idea were introduced earlier in their derivations,
but in the form in which those correlations are published, they deny the
existence of an experimentally observed phenomenon: the improvement of flow
boiling CHF in an expanding microchannel observed by Lee and Pan [35] and
Lu and Pan [36, 33, 37]. Some flow effect must be neglected or mis-weighted
in these correlations, which ought to be addressed if they wish to represent
boiling flow across a variety of channel geometries.
Table 2.3 develops the situations in which the possible improvement becomes
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a genuine improvement. The conditions were obtained with simple manipulations
of the expressions in Table 2.2 combined with the parameters found in Table
2.1. Additionally, the optimum situation where ∂
2∗
∂ε2 = 0 is presented if the
calculation is tractable, representing the peak of the improvement available
with respect to channel cross-sectional enhancement.
As expected, the more straightforward Katto and Ohno[57] correlation
produced straightforward results. For Eqs. 3, 4, and 13, Katto and Ohno
permit diameter expansion to assist in very long, thin channels. However,
Eq. 5 indicates that any expansion helps, as the left hand side must always be
positive, so for all geometries and flows, a positive ε improves CHF. This result
seems to belie the stiff dependence on large Lhd in the other equations, although
it is likely that certain regions on the flow map favor channel expansion more
than others. Optima are available for the three equations with straightforward
conditions, but for Eq. 5, the optimization procedure produced an imaginary
number, indicating that there is no inflection point in the effect of ε on CHF.
The condition on this flow regime is automatically met, which may explain
why the improvement function does not allow a real optimum.
The relationship of Qi et al. does not immediately rule out the possibility
of improvement, and the criterion for improvement depends on a competition
between Lhd and the confinement number, Co. If Co > 0.765, the criterion
is automatically met, while for smaller Co a longer and thinner channel is
required to allow ε to improve CHF. No optimum expansion could be determined,
indicating that (like Katto and Ohno Eq.5) there is no change in the curvature
of the q˙ch f vs. ε curve (which curve could only be specified given fluid and
state information). The presence of competing physical phenomena in this
criterion augurs well for a potentially more general application of it.
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Kos¸ar and Peles provide a very interesting relationship. It is expected that
∂P∗
∂ε < 0, because the channel inlet pressure for a given outlet pressure ought
to drop as the exit cross-sectional area increases. Thus, provided that the
term in brackets is negative, this criterion might well allow for improvement.
The reduced pressure equation in the denominator of the bracketed term is
positive between the roots of 1.4×10−4 and .273, which is a fairly broad range,
considering the magnitude of the critical pressures of common refrigerants and
the typical operating conditions of cooling loops. The numerator, (1−7.281P∗)
must be negative, which occurs for P∗ > .137, which falls in the permissible
range discussed above. Like Katto and Ohno, Kos¸ar and Peles depend on the
Lh
d ratio being larger than a particular value, but they allow that value to vary
with the effect of ε on the pressure of the system. No closed-form expression
for an optimum is available from this correlation. The expression which would
lead to an optimum is a second-order nonlinear differential equation, which
could be solved in a numerical study given a particular case. This criterion
seems to possess the sophistication required to provide a useful view into CHF
in microchannels.
Revellin and Thome provide a relationship that contemplates their suggested
CHF phenomenon of Kelvin-Helmholtz interfacial waves, which are driven by a
velocity difference at an interface. It is not surprising, then, that the behavior
of the phase velocities dominates the results of this analysis. Additionally, this
relationship reverses the dependence on d seen in the other correlations. It is
expected that both ∂V∂ε terms will be negative, because the mass flux falls for
an expanding area, and the channel looks something like an expanding nozzle
which reduces flow velocity. If ε is very small, it will do little to alter the phase
velocities, so in that limiting case it is merely required that d
2
7 > 57
(VV
VL
)−1
7 , but
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typically VV >> VL, and this relationship is readily satisfied. It is therefore
expected that at least for small ε values, the Revellin and Thome CHF criterion
will be favorably affected by an expanding channel. This has been numerically
explored by Miner et al. [66] with concurring results. An optimum ε is found
by neglecting higher-order terms in ∂
2rc
∂ε2 , rearranging the velocity terms and
integrating once and solving for the positive root of ε∗. This optimum must
be greater than zero when the vapor velocity is higher than that of the liquid
phase. This follows from the Kelvin-Helmholtz instability mechanism, and
it is encouraging that the basic feature of this mechanism is retained in the
optimum expansion rate, and plainly drives the optimum above a zero value.
This criterion also seems to be a candidate for more generalized views of CHF
in microchannels.
The examination of the correlations discussed above ought to be applied
to real data, to judge whether the expansion-tolerant CHF criteria predict
optimum expansions consonant with data. A relative paucity of expanding
microchannel data is available, due to the comparative novelty of the approach,
so this section is limited to data acquired by Professor Pan and his collaborators
in Taiwan [35, 36, 33, 37] and data sets recently obtained by the present author
and collaborators [52]. All data presented in Table 2.4 exhibited a positive
effect of expansion on CHF, with expanding channels yielding CHF values
higher than those from corresponding non-expanding (straight) channels. Datasets
from Balasubramanian et al. are not discussed here, because of the novel
method of expansion employed by those researches which involved removing
selected channel walls at specific flow stations, which cannot be represented
by the R= R0+ε ·z expression. It is also acknowledged that the channels used
by Pan et al. and those under consideration in this study have a rectangular
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cross-section, sharply defined in the case of Pan et al. due to the etching
processes employed to cut the channel into silicon, and more gradual in the
present study due to the wire electron-discharge machining employed to cut the
microchannels into copper, yielding the rounded interior corners characteristic
of that process. In both cases, the average hydraulic diameter is employed in
the CHF criteria, and ε is calculated as ε=Dhout−Dhin2·Lh . Refrigerant properties
were obtained from NIST REFPROP [67], for water [68] in the case of Pan
et al. and R-134a [69] for Miner et al. [52] The pressure at which saturation
properties were evaluated was chosen as the worst-case from the data (typically
the highest pressure). The phase velocities were calculated as though that
phase was the only one present. The ∂P∂ε term was calculated roughly, observing
ΔP
Δε from the published data. The Lee and Pan channel was alone, while the
Lu & Pan and Miner et al. channels were in an array.
Table 2.4 presents the results of this examination. The fields in the table
contain the test condition on the CHF criterion, whether or not the condition
is met, and if met, the predicted optimum expansion subject to the constraints
in Table 2.3. Katto & Ohno’s Eqn. 5 is omitted, as it is necessarily satisfied
and no real optima exist. The correlation of Qi et al. is included and the
result of the criterion improvement test is displayed, though no real optima
exist. The header of the table indicates both the ε value and the Lhd ratio of
the physical channel.
The results presented in Table 2.4 suggest that Lee and Pan’s single expanding
channel is fairly well described by Katto & Ohno’s correlation, which favors
enhancement for long, thin channels. The Katto & Ohno predicted optimum
expansions are within an order of magnitude of that of the actual channel.
The Revellin and Thome criterion predictions for optimum expansion in the
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channels used by Miner et al. are 2-3 times the actual expansion, and it is
notable that there is a good deal of consistency across the predicted optima.
The predictor for ε∗ from the Revellin and Thome criterion (under the assumptions
described above) depends on the ratio of the phase densities, which resulted
in the large ε∗ for water, with R-134a producing more reasonable values.
Unfortunately, predictions for optimum expansion, ε∗, were not obtained from
the criteria of Qi et al. and Kos¸ar and Peles, the first due to non-existence
and the second due to complexity.
A multitude of relationships for critical heat flux in mini- and microchannels
is available to the researcher, all of which performed well for the investigators
who developed them around a particular data set. Certain relations require less
information, which may render them attractive to a system designer wishing
to rough out a high-performance evaporator. Relations which require more
detailed information, such as downstream flow variables, tend to perform
better overall, but impose an information cost which may be difficult in a
preliminary design.
Investigators wishing to employ the CHF improvements available from
alternative channel geometries must choose wisely among CHF criteria which
may not function well for even simple enhancements such as an expanding
cross-section. More sophisticated relationships which directly contemplate the
flow variables influencing CHF are more tolerant of cross-sectional expansion
enhancements, but require the designer to measure, approximate, or model
the flow variables required. Some of these criteria depend only on geometry or
flow variables which are readily approximated early in the design phase of an
evaporator, rendering them nearly as useful as the purely upstream dependent
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relations. In general, the more physical phenomena which are reflected in the
criterion, the more accurate it will be.
The experimental validation of the CHF improvement available from expanding
the channel cross-section requires that truly general critical heat flux relationships
reflect the effect of this enhancement. This analysis attempts to demonstrate
which CHF relationships are up to the task and which do not reflect enough
reality to acknowledge this effect. The author was pleased to see validation,
if limited, of the venerable Katto & Ohno [57] criterion, and it is encouraging
that more recent investigators such as Revellin and Thome [55], Qi et al.
[63], and Kos¸ar & Peles [64] incorporate more physical phenomena in their
correlations; this augurs well for the future of predictive CHF criteria in flow
boiling.
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2.2 Pressure Drop Correlations
The discussion of pressure drop correlations is somewhat more limited in
scope than that of critical heat flux prediction. While many investigators have
discussed the issue, their concern is typically with refining certain parameters
within a unanimous framework, or characterizing and including pressure drops
associated with other elements of the apparatus, such as inlet contraction
and outlet expansion. Consistent across all investigators considered is the
distinction between frictional and acceleration pressure drop, the former due
to bubble-induced tortuosity and surface effects, the latter due to the thrust
developed from evaporating liquid turning to faster-moving vapor. The present
investigation neglects gravity, because only horizontal flow was experimentally
considered, but Carey [70] presents the a generalized, but one-dimensional,
picture of the pressure gradient in confined flow as:
−
(
dP
dz
)
=−
(
dP
dz
)
f
+
d
dz
[
G2x2
ρVα
+
G2(1− x)2
ρL(1−α)
]
+[(1−α)ρL+αρV ]g · sinΩ
(2.3)
where P is the pressure, z the station in the channel downstream of the inlet,
f indicates friction-induced effects, G is the mass flux, x the vapor quality, ρ
the density of a given phase, α the void fraction, which indicates how much of
the cross-section of the channel is composed of vapor, g the acceleration due
to gravity, and θ the inclination of the flow from the horizontal. The pressure
gradient is presented as negative so that the resulting pressure drop integrated
along the channel will be a positive number. The frictional pressure drop is a
matter of much discussion, and the work relevant to the present inquiry was
given significant form by Lockhart and Martinelli [41], who lay out the general
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framework of the frictional pressure drop ΔPf in a boiling tube as:
ΔPf =
2G2L
Dxout
∫ xout
xin
fL(1− x)2vLφ2Ldx (2.4)
where G is the mass flux, L the length of the two-phase regime, D the hydraulic
diameter of the tube, x the equilibrium thermodynamic quality, fL the effective
liquid friction factor, vL the specific volume of the liquid phase, and φ2L the
two-phase multiplier for vapor:
φ2L = 1+
C
χ
+
1
χ2
(2.5)
which is defined in terms of the Martinelli parameter χ , where:
χ2 =
dP/dzL
dP/dzV
(2.6)
The Martinelli parameter gives the ratio of the pressure gradients of the phases,
which is a difficult quantity to precisely obtain experimentally, is typically
modeled or inferred from data, and is therefore an object of dispute. The
appropriate friction factor and two-phase multiplier also receive a good deal
of attention [71, 72, 73, 48, 47, 74], as well as the appropriate coefficients to
use in these equations [75, 76].
The acceleration pressure drop represented in Eq. 2.3 is integrable along
the channel length, but much work has been done to make the collection of
terms more tractable and evaluate the integral. The acceleration pressure drop
ΔPa is presented by Thom [43] as:
ΔPa = G2vL
(
x2out
αout
(vV
vL
)
+
(1− xout)2
(1−αout) −1
)
(2.7)
where αout is the void fraction at the outlet. Obtaining the void fraction
requires careful observation or assumption, and this parameter is one of the
principal objects of discussion in the literature. Lee and Garimella [47] compiled
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an admirable summary of pressure drop correlations, considering Lockhart and
Martinelli [41], Mishima and Hibiki [75], Lee and Lee [76, 74], Yu et al. [77],
Qu and Mudawar [78], and their own newly-modified one. Never does the
basic form of the pressure drop equation change for frictional or acceleration
pressure drop. The discussion is always about the parameters and multipliers
which reside in those equations.
The present analysis undertakes to ascertain analytically whether the pressure
drop is reduced by expansion of the channel through a perturbation on the
cross-section. The usual ε parameter is employed as the slope of the channel
walls. The question is whether the negative pressure gradient becomes less
negative, to wit:
∂
∂ε
(
− dP
dz
)
< 0 (2.8)
Equation 2.3 may be differentiated with respect to ε , and recalling the
symmetry of partial derivatives, it becomes:
∂
∂ε
(
− dP
dz
)
=
∂
∂ε
(
− dP
dz
)
f
+
d
dz
[
G2x2
ρVα
(
2
G
∂G
∂ε
+
2
x
∂x
∂ε
− 1
α
∂α
∂ε
)
...
+
G2(1− x)2
ρL(1−α)
(
2
G
∂G
∂ε
− 2
x
∂x
∂ε
+
1
(1−α)
∂α
∂ε
)]
...
+
[
− ∂α
∂ε
ρL+
∂α
∂ε
ρV
]
g · sinΩ
(2.9)
Plainly, the signs of the partial derivatives enclosed in the brackets will determine
the response of those terms. The frictional term must be discussed in its own
right, but ascertaining the signs on the partials of G, x, and α will be relevant
to that discussion as well. For the sake of argument, as in the prior section,
channels of circular cross-section will be assumed. It is evident that mass flux,
G = m˙/(πd2)drops with expansion, because a fixed mass flow rate transits a
larger area, so:
∂G
∂ε
=− m˙z
πd3
(2.10)
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where m˙ is the mass flow rate and d the diameter of the channel. All quantities
on the right-hand side of Eq. 2.10 must be positive, so the net result must be
negative.
The behavior of the vapor quality under expansion is a significant question,
and a few thought experiments are in order. Experiments have indicated
[39, 79] that the pressure drop across an evaporator with expanding channels
decreases as the expansion increases, at least to an as-yet undiscovered point.
Considering the case of fixed channel inlet pressure, such as might be found
in a compressor-accumulator system, an expanding channel would have a
higher pressure at its outlet than a straight channel. Therefore, for equal
heat inputs, the quality at the outlet of the expanded channel will be lower
than the quality at the outlet of the expanded channel, because of the higher
saturation temperature due to the higher pressure. Consider now the case of
fixed outlet pressure, as might occur in a pumped loop, where the expanding
channel would have a lower inlet pressure than the straight channel. Thus, for
the same amount of heat, the expanded channel would experience saturated
boiling along a greater heated length, because of the reduced inlet subcooling,
which has been experimentally observed by Miner et al. [52]. The channels
would have identical outlet qualities, but the straight channel would have had
to boil more violently over a shorter length due to the higher inlet subcooling.
In this case, the change in the outlet quality with expansion is nil, but the
inlet quality is lower for the straight channel, leading to the conclusion that
expanded channels must necessarily have a shallower slope to their quality as
a function of channel length. Therefore, it may be concisely stated that:
∂x
∂ε
< 0 (2.11)
This consideration of the quality is not valid if the expanding channels are
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allowed to reject more heat than the straight channels, which is the practical
goal. In that case, it is likely that the increased heat rejection would allow the
expanding channels to attain a higher outlet quality, as the improved boiling
heat transfer is expected to be more significant than the saturation pressure
changes discussed above.
The effect of expansion on the void fraction, representing the ratio of vapor
to liquid cross-sectional area in the channel, is a more challenging problem,
particularly in light of the above argument indicating the decrease of quality in
the channel. Of the two phases present in the channel, the liquid density may
be considered a constant, while the vapor density will not be so. Considering
again the above argument where outlet pressure is stable and both straight
and expanding channels have equal exit qualities, it appears that the void
fraction at the outlet of the expanding channel must be higher than that
of the straight channel because of the additional space in the cross-section
allowing the vapor more room. In the case of stable inlet pressures, the outlet
pressure of the expanding channel will be higher than that of the straight
channel, but provided the channel outlet area to inlet area ratio is larger
than the combined effects of lower quality and increased vapor density due to
the higher pressure in the expanding channel. However, because outlet area
grows quasi-linearly with small expansions, and vapor density and saturation
temperature are much less sensitive (a 50kPa reduction in pressure drop from
the 2◦ channel produces a 47% area increase and only a 15% vapor density
increase against the straight channel case), it is concluded that:
∂α
∂ε
> 0 (2.12)
The frictional pressure drop remains undiscussed at this point, and due to
the consistency of its formulation across investigators, the form presented in
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Eq. 2.4 will be pursued by perturbation of the diameter, leaving:
∂ΔPf
∂ε
=
2G2L
dxout
(
2G
∂G
∂ε
− z
d
− 1
xout
∂xout
∂ε
)∫ xout
xin
fL(1− x)2vLφ2Ldx+ ...
2G2L
dxout
∂
∂ε
(∫ xout
xin
fL(1− x)2vLφ2Ldx
) (2.13)
The integral represents the frictional effects of the bubbly flow, which arise
as bubbles scrape the walls and tumble over one another in the channel. It
is unclear whether the value of the integral will increase or decrease with
expansion, but it has been previously argued that the change in quality from
inlet to outlet will be less for expanding channels, so the integral bounds are
reduced, and the value of it is likely reduced as well. What is clear, however,
is that the first collection of terms in Eq. 2.13 will carry a negative sign, as
∂G
∂ε < 0, z/d > 0, and though
∂xout
∂ε < 0, for small channels the magnitude of this
term will be small compared to z/d, due to the near-unity values of xout and
the large L/d ratios common in microchannels. This competition may seem
to limit the scope of the argument to small channels, but conventional boilers
have moderate-quality outflow while maintaining a reasonably large L/d ratio,
with tube being on the order of meters long and centimeters in diameter.
Returning to Eq. 2.9, it is clear that expansion must reduce the pressure
drop penalty imposed by flow boiling. Knowing that pressure falls along the
channel length, it has been discussed in Eq. 2.8 that the right-hand side of
Eq. 2.9 would be negative if improvement occurs. The frictional pressure
drop is reduced by expansion, as discussed in Eq. 2.13, so the change in the
gradient
dPf
dz must be positive (i.e.- lessening the negative slope), so the first
term on the right-hand side of Eq. 2.9 must be negative. The bracketed
terms contain a contribution from the vapor, where all terms in the first
parentheses must be negative, and a contribution from the liquid, where two of
the terms in parentheses are positive. However, the contribution of the liquid
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is reduced substantially because it is divided by the liquid density. Thus, the
terms in the second parentheses in the bracket will be at least two orders of
magnitude smaller than the first parentheses, because of the disparity in liquid
and vapor densities. The obverse of that argument holds for the gravitational
contribution, where the negative term follows the liquid density. Thus, it is
satisfactorily concluded that expanding the cross-section of a channel ought
to reduce the pumping cost imposed by the most common pressure drops due
to friction, acceleration, and gravity.
Armed with the knowledge that channel expansion ought to produce beneficial
effects for pressure drop, and optimizable effects for critical heat flux, the
hypothesis must be put to the question by experiment.
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Chapter 3
EXPERIMENTATION AND EVALUATION OF DATA
3.1 Experimental Apparatus
The primary goal of the test apparatus was to enable the repeatable,
reliable, exploration of expanding microchannels across multiple expansion
angles. Many lessons were learned from prior work by colleagues of the author,
and many thanks are owed to Maj. Brent Odom, in particular.
Design and Fabrication
The author owes a great deal to his colleague Carlos Ortiz for contributing
much time and thought to the design effort. Concept and rough-in were
accomplished primarily by Mr. Ortiz, with the author contributing mainly on
the back end with design clean-up, manufacturability concerns, final drawing
generation, and manufacturing oversight.
The challenge of designing a well-insulated, well-sealed, but easily serviceable
high-temperature test section was not trivial. Copper was the material of
choice for channel fabrication, due to its superior thermal conductivity, ease of
fabrication processing, and the history of its use in the ASUMURI test sections
[80]. Previous test sections had employed Garolite fiberglass, which proved
susceptible to scorching during high-heat experiments, limiting the heat rates
achievable in early test sections. To alleviate temperature restrictions, Rescor
914 was selected for the body of the test section; this material is a vacuum-
tight ceramic with favorable properties including a high service temperature
(425◦C) and a low thermal conductivity (0.4 Wm·K ) [81].
At the heart of the test section are the microchannels, and the packaging of
39
Figure 3.1: COPPER MICROCHANNEL TURRET
the microchannel array was of primary concern in the apparatus design. Prior
work had encountered challenges in sealing the copper microchannel array
into the housing, which had been made more difficult by using a rectangular
body. O-ring grooves work better when cut into a cylindrical body, so this
design employed a cylindrical turret with microchannels cut into the top (see
Figure 3.1). Two O-ring grooves provide redundant sealing, and are located
close enough to the channels to maintain acceptable service temperatures
under most heat loads. On the bottom of the turret, holes are drilled upwards
to allow for thermocouple sampling of the copper temperature in a spatially
distributed manner. Slots to permit egress of the thermocouples are machined
into the bottom of the turret, in the direction of the channels. Figure 3.2 shows
a cutaway of the turret exposing one row of holes set alongside a bottom view
showing both rows of thermocouple holes.
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Figure 3.2: TURRET THERMOCOUPLE ACCESS
This turret is constrained via six #6-32 screws to a cylinder with wells for
six 6.35mm diameter 250W cartridge heaters. A thin (0.1mm) wafer of silver
provides the thermal interface between the heater housing and the turret.
Silver was selected for this task because of its excellent thermal conductivity,
its relative malleability, and the ease of hand-cutting it to shape. The heater
cylinder is insulated with octagonal Rescor blocks, and the bottom is closed
with a stainless steel plate. A threaded hole in this plate accommodates a
drive screw which is used to force the heater housing and turret upwards
into position. Figure 3.3 shows the assembled test section in cutaway view,
demonstrating the relations of each part to the other. In this figure, refrigerant
enters the plenum at the left, is ramped up the inlet contraction and fed into
the microchannels, passes through the heated section, is ramped down the
outlet contraction, and exits via the plenum on the right. Flow temperature
measurement is accomplished via two 1.6mm diameter T-type grounded-tip
thermocouples which lie midway up the contraction ramps. Turret temperature
measurement is effected through the noted thermocouple wells. Pressure is
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Figure 3.3: CUTAWAY VIEW OF TEST SECTION
sampled through taps to the inlet and outlet plena. Instrumentation will be
discussed separately.
The microchannel turret is housed in a Rescor block, into which the turret
fits smoothly without O-rings. With O-rings installed, the turret requires
considerable force to insert into the block, which is exerted by the drive
screw from below. This Rescor block contains the inlet and outlet plena and
associated plumbing, as well as instrumentation ports for pressure transducers
and thermocouples to access the refrigerant state in each plenum. The pressure
boundary is supplied by an O-ring fitted into a rounded rectangular groove
which encompasses the plena and the microchannel aperture. Figure 3.4 shows
the Rescor block populated with a turret and associated instrumentation and
plumbing fittings. In the figure, flow moves from right to left, and pressure
is sampled out the top two fittings while thermocouples are inserted in the
bottom two.
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Figure 3.4: TURRET HOUSING AND PLENUM BLOCK
The assembly is capped with a featureless Rescor block, and the Rescor
blocks are restrained with stainless steel plates, which take up the worst of
the bending stresses in the ceramic. Clamping is accomplished by screws and
thread rod with nuts pulling against the plates, as shown in Figure 3.3. The
bottom two Rescor blocks, the octagonal insulators, are not under load, but
have a small amount of freedom up and down the thread rod. The pressure
load on the top of the turret is taken up entirely by the drive screw in the
bottom steel plate, being transferred by the plate to the thread rods, and
allowing the entire assembly to be firmly clamped together, closing off the
tops of the microchannels.
Most of the manufacturing was performed by the Fulton School machine
shop. All Rescor parts, the heater housing, and the microchannel turrets
(sans microchannels) were fabricated there. The channels were cut into the
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Figure 3.5: EDM-CUT TEST SAMPLE FOR SURFACE INSPECTION
copper turrets by a third-party vendor (Arizona Wire Specialists) employing
wire electron discharge machining with a 0.0762mm wire. The channels were
cut via plunging of the EDM wire, and so are open at the top. The fine-wire
EDM process required slow cuts, which resulted in a fairly smooth surface,
with a finish of 0.6-0.8μm RMS, observed optically in a sample shown in
Figure 3.5. Maj. Brent Odom, a colleague, obtained quantitative roughness
values from an Ambios Technology XP-2 profilometer with a 2.5 micron tip;
the six surface measurements averaged 0.67μm with a standard deviation of
0.1μm, which compares well with the optical observation. This is rather finely
finished for an EDM process, but the extremely thin wire and consequently
slower cut speed likely account for the smoother finish. Four expansion angles
were called for on the print, defined as shown in Figure 3.6 where angle X was
called out as 0◦, 0.5◦, 1◦, and2◦.
Production prints of the apparatus components are included as Appendix
A.
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X° 0.1
Figure 3.6: MICROCHANNEL ANGLE
Inspection
Manufacturing is never perfect, and the four microchannel test sections
which emerged from the manufacturing process were all slightly different.
Macroscale dimensions of the microchannel turret were obtained with an SPI
31-510-1 dial caliper, with resolution of 25μm. The results of this inspection
are displayed in Table 3.1. The z-coordinate is taken as 0 at the inlet of the
channels, and proceeds along the flow direction. The thermocouples embedded
in the copper block are labeled in the schematic shown in Fig. 3.7, where B,
C, and D are at the outlet, and E, F and G are at the inlet.
A Mitutoyo Ultraplan FS110 calibrated optical microscope was employed
to obtain channel dimensions. The LeRoy Eyring Center for Solid State
Science (LECSSS) at Arizona State University was generous enough to allow
the use of the microscope and associated imaging software. Photos of channel
inlet and outlet were obtained for each turret, as well as plan view photos
of the channels. Calibration images were provided by the LECSSS, shown in
Figure 3.8.
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Figure 3.7: THERMOCOUPLE LABELING
Table 3.1: MICROCHANNEL TURRET DIMENSIONS
Nominal Expansion
Measurement (mm) 0◦ 0.5◦ 1◦ 2◦
Overall Height 16.54 16.38 16.41 16.41
Channel Length 13.46 13.31 13.31 13.31
O-Ring
13.39 13.36 13.41 13.36Groove Diameter
TC B Hole 14.00 14.22 14.10 13.34
TC C Hole 6.22 6.65 6.60 6.65
TC D Hole 14.00 14.22 14.10 13.34
TC E Hole 14.00 14.22 14.10 13.34
TC F Hole 6.22 6.65 6.60 6.65
TC G Hole 12.95 14.22 14.10 12.95
Z-station of B, C, D 2.72 2.72 2.72 2.72
Z-station of E, F, G 10.59 10.59 10.59 10.59
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Figure 3.8: CALIBRATION SLIDE
Images of the inlet and outlet of the channels on each turret are provided
in Figure 3.9, Figure 3.10, Figure 3.11, and Figure 3.12.
The channel images obtained were measured electronically, using the scaling
apparent in the calibration slide (0.8578 micrometers per pixel) and, variously,
Gwyddion [82] and MS Paint software. The calibration was extracted by
Gwyddion, which can perform line scans, and so was able to accurately find
the edges of the markers on the calibration slide. Measurement of the channel
images was conducted in MS Paint, merely because it loaded quickly and had
a pixel readout. The X-Y pixel address of points of interest was recorded in
a spreadsheet which found the width an height of the channels. Figure 3.13
depicts how measurements were made. Three side-to-side measurements were
obtained for each channel visible in a photo, along with one top-to-bottom
measurement. The width of the interstitial walls (which may be considered
fins) was measured in a similar manner. Three channel widths were thus
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Figure 3.9: 0◦ CHANNEL IMAGE
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Figure 3.10: 0.5◦ CHANNEL IMAGE
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Figure 3.11: 1◦ CHANNEL IMAGE50
Figure 3.12: 2◦ CHANNEL IMAGE
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Figure 3.13: POINTS OF INTEREST FOR MEASUREMENT
extracted, at the top, middle, and bottom. Table 3.2 provides the results
obtained from this measurement, how many images and measurements went
into each result, and the standard deviation of the result. Results are presented
by nominal expansion angles of 0◦, 0.5◦, 1◦, and 2◦.
Test Loop
The test loop schematic in Figure 3.14 shows the overall layout of the flow
loop, indicating also the locations of pressure and temperature measurement
(circled letters). The loop is laid out on a desk, with a table supporting the ice
bath, and a photo of the assembled test loop is shown in Figure 3.15. Nominal
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1/4” copper tubing was used for all sections of the loop except between the
test section and heat exchanger, where 3/8” nominal copper tubing was used
to allow more room for the vapor generated in the test section.
Flow is induced by a gear pump driven by a DC motor. The flow rate is
monitored visually using a rotameter which was calibrated for R-134a by Maj.
Odom [80], with an uncertainty of (0.11%+0.0425)gs . Heat is rejected from the
loop via a plate-type heat exchanger to an ice-water bath with a circulation
pump. Details of the instrumentation are provided hardware are supplied in
Table 3.3.
The pressure transducers required 24V excitation, which was provided
by a Tektronix power supply unit (PSU) mounted nearby. The transducers
were of mixed types, some returning proportional voltage and some returning
proportional current. The two Omega transducers were of the proportional-
current type, and had precision resistors in-line to obtain correct output
voltages to the DAQ card. The thermocouple signals were fed into the NI
1303 DAQ card, which is specially suited for thermocouples, and offers onboard
temperature compensation. The NI 1302 card allowed both input and output,
and accepted signals from all the pressure transducers, as well as voltage and
current information (via shunt readings) across the DC gear pump. A single
output from this card was used to actuate the heater power. The gear pump
was powered by a Protek adjustable DC PSU, and was kept at a constant
voltage throughout each experiment.
The cartridge heaters were off-the-shelf 250W peak power devices, and were
fed by a Variac regulating the voltage from a 208V wall outlet. The Variac
was actuated manually, and voltage was measured using a Fluke digital multi-
meter and manual input to LabView. This method was adopted to avoid the
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cost associated with a high-voltage-isolated DAQ card. The current flowing
to the heaters was measured across a shunt using a high-resolution Keithly
benchtop multi-meter. This device provided high-fidelity, isolated sampling of
the current, which could not be fed to the NI DAQ boards because the small
differential voltage on the wires belied a large potential to ground, which was
unsafe for the NI DAQ devices.
The rotameter was a glass-tube stainless-steel-float device, which had been
previously employed by Maj. Brent Odom [80] in similar experiments. He
carefully calibrated the device using large refrigerant tanks, scales, and a
stopwatch, and accumulated a large number of points from which to derive
the following linear relationship between float height and flow rate:
m˙= 0.06938 ·height+0.08309 (3.1)
where m˙ is the mass flow rate in grams per second and height the reading from
the millimeter scale attached to the tube. This relation is employed to convert
the height readings obtained visually from the rotameter and transcribed
manually into LabView to the mass flow rate values employed.
Having thus described in detail the physical plant employed in the experiments,
the characterization of the test section behavior must be pursued. In particular,
the scale of the test section, which is large relative to that of other investigators,
renders any attempt at adiabatic assumptions foolish. Therefore, the heat rate
into the refrigerant via the channels must be inferred only from temperature
and input power data. Conservation of energy demands that the unwanted
losses from the apparatus be investigated.
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3.2 Estimation of Losses
Understanding the undesired heat losses from the experimental apparatus
was necessary in order to accurately describe the heat input to the refrigerant.
Invoking the lumped-capacitance model and considering the copper blocks at
the heart of the apparatus as an insulated homogeneous thermal mass, the
temperature (T ) versus time (t) behavior of this mass is described as:
m · cp · dTdt = Q˙in− Q˙re f − Q˙loss (3.2)
where m is the mass, cp the specific heat capacity, and Q˙ represents heat
flowing in from the heaters, out to the refrigerant, and lost to ambient, per
the subscripts. The assumption of a homogeneous temperature in the copper
is generally suspect, because a temperature gradient must exist to drive heat
out to the refrigerant. However, when data were taken to calculate losses,
no refrigerant was flowing. Applying the loss predictions thus derived to a
flowing system is justified because losses are assumed to be governed by the
highest predicted temperature in the copper block, and because the thermal
conductivity of copper (approx. 400 Wm·K ) is four orders of magnitude higher
than the insulating ceramic, Rescor 914 (0.4 Wm·K ), implying that thermal
gradients across the copper will be dramatically less than gradients across
the ceramic.
Losses were assumed to rely linearly on the maximum predicted copper
temperature, taking the form:
Q˙loss = A · (T −Tamb) (3.3)
where A is a constant to be determined, T the temperature of the copper
block, and Tamb the ambient temperature, in degrees centigrade. This form
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assumes that conduction and convection dominate the losses, as conduction is
linearly dependent on temperature and convection is essentially linear because
no significant changes in the natural convection coefficient are expected in
a laboratory setting, and the temperatures of the exposed surfaces are not
high (less than 50 ◦C, typically). Coefficient A serves as a catch-all thermal
conductivity, and laboratory ambient was very steady at 25◦C..
Two experiments were conducted on an empty system with only air in the
channels, yielding five heat-cool events. The mass and specific heat of the air
in the channels was inconsequential compared to the mass and specific heat of
the copper block because of the approximately 2800:1 ratio of (ρcp)Cu : (ρcp)air
coupled with the much larger volume of copper than air in the system. Power
was briefly applied to the cartridge heaters, then cut off. Defining a new
variable Θ= T −Tamb casts the governing equation for the heating period into
the form:
m · cp · dΘdt = Q˙in− Q˙loss (3.4)
and the decay in temperature is governed by:
m · cp · dΘdt =−Q˙loss (3.5)
Equation 3.4 may be simplified if the magnitude of the losses is much less
than the magnitude of the heat input, which would yield a simple solution to
the now-separable ordinary differential equation:
dΘ
dt
=
Q˙in
m · cp (3.6)
from which values of m · cp may be obtained by linear fitting. Equation 3.5
may be solved straightforwardly with Q˙loss = AΘ, yielding:
Θ=Θ0 · e
−A·t
m·cp (3.7)
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Figure 3.16: TEMPERATURE PROFILES DURING FIRST LOSS
EXPERIMENT
Figure 3.16 shows the temperature data from the four events in the initial
loss-finding experiment, and Figure 3.17 shows the event in the second experiment.
Thermocouple labels are assigned as in Figure 3.7, and it is apparent that
the different sensors track each other well, with the correlations between the
five sensors calculated using the built-in MATLABR© [83] correlation function
corr, which returns the correlation matrix given in Table 3.4. The strong
correlations indicate that results from one thermocouple ought to be essentially
equivalent to the others.
The assumption of negligible losses during heating is more accurate in
cases with higher power inputs, where the Q˙in term is large. The slope of the
temperature line will be Q˙inm·cp , and this value is extracted from the data by
fitting a line to the heating portion of the curve. The slopes corresponding to
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Figure 3.17: TEMPERATURE PROFILES DURING SECOND LOSS
EXPERIMENT
Table 3.4: THERMOCOUPLE CORRELATION COEFFICIENTS
Thermocouple B C D F G
B 1.0000 0.9995 0.9987 1.0000 0.9986
C 0.9995 1.0000 0.9997 0.9996 0.9997
D 0.9987 0.9997 1.0000 0.9989 1.0000
F 1.0000 0.9996 0.9989 1.0000 0.9989
G 0.9986 0.9997 1.0000 0.9989 1.0000
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Table 3.5: EXTRACTION OF m · cp FROM LOSS DATA
Event Q˙in [W ] ΔΘΔt [
K
s ] m · cp [ JK ]
1 13.2026 0.036 369
2 26.3132 0.078 336
3 40.2655 0.14 295
4 80.4018 0.30 270
5 526.8 2.08 253
different heating events (numbered by magnitude of heat input, as ascending
peaks in Figure 3.16 and Figure 3.17) are presented in Table 3.5. The figures
in Table 3.5 compare reasonably to the ballpark estimate obtained from 408g
of copper at 0.385 Jg·K giving a copper-only heat capacity of 157
J
K .
The only points of measurement in the apparatus are the thermocouples
in the microchannel turret. The loss calculations assume a lumped body,
however, so the desired temperature from which to calculate losses would
be that of the heater cylinder. This body is assumed to have an essentially
uniform temperature, because heat is generated throughout, it is well-insulated
by the ceramic, and its diameter is much larger than the diameter of the
microchannel turret. The CHF event typically occurred after periods of relatively
slow heating, near temperature saturation for a given heat flux, so a steady-
state approximation is used to obtain the heater cylinder temperature by
projecting backwards from the thermocouple temperatures using Fourier’s law,
as:
Tcyl =
q˙ f · yTC
kCu
+TTC (3.8)
where Tcyl is the temperature of the heater cylinder, q˙ f the heat conduction
from Fourier’s law, yTC the distance of the thermocouple from the bottom
(no-channel) end of the turret, kCu the thermal conductivity of copper, and
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Figure 3.18: THERMOCOUPLE LOCATIONS
TTC the temperature measured at the thermocouple. The heat conduction in
Eq. 3.8 is calculated as:
q˙ f = kCu · TTC−lo−TTC−hiδyTC (3.9)
where the lo and hi subscripts denote the position of the thermocouple (see
Figure 3.18), and δyTC is the distance between thermocouples in the axial
direction. The copper has a thermal conductivity of 401 WK·m , which is roughly
1000 times that of the Rescor ceramic (0.404 Wk·m), therefore heat flow is assumed
to be purely axial in the microchannel turret. Typical projected heater cylinder
temperatures were around 300oC, so at CHF, losses to ambient accounted for
about 18% of heat input, on average.
Stepping back from the assumption of negligible losses during heating
by reinserting the Q˙loss term into the differential equation for heating and
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Table 3.6: COOLING CURVE FIT OUTPUT
Event b R2Value A (WK )
1 -0.00149 0.973 -0.376
2 -0.000689 0.927 -0.174
3 -0.00100 0.944 -0.253
4 -0.000899 0.917 -0.227
substituting Eq. 3.3 requires solving the simple ODE:
m · cp · dΘdt = Q˙in−AΘ (3.10)
resulting in the following equation for temperature difference:
Θ=
Q˙in
A
−
(
Q˙in
A
− (T0−Tamb)
)
· e−
A·t
m·cp (3.11)
This solution for the heating periods requires the heat loss coefficient from
the cooling periods, and vice-versa. Thus, the linear approximation to the
temperature ramp during a heating event was pursued, and only the fifth event,
with its substantially larger heat input than its fellows, was used to obtain the
m · cp estimate employed in the work, 252.3 JK . The four cooling events were
examined using the MATLABR© [83] curve fitting toolbox fit function. This
toolbox employs a least-squares fitting method with a variety of selectable fits.
To capture the behavior of Eqn. 3.7, an exponential function was selected of
the form y(x)=a*exp(b*x), however the a coefficient contains no data
about the heat transfer coefficient, whereas b= −Am·cp . The relevant outputs of
the fit and calculated heat loss coefficients are shown in Table 3.6.
The value of the heat loss coefficient employed in the analysis was taken
from the mean of the values in Table 3.6 as A=−0.258WK , and the uncertainty
accorded to it is twice the standard deviation of the values in Table 3.6, UA =
0.153WK . These values were employed in the data postprocessing to obtain
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the quantity of heat flowing into the refrigerant at any time, along with the
appropriate contribution to its uncertainty.
The groundwork for the experimental investigation being laid in the apparatus
construction and characterization, a brief discussion of the experimental plan
as designed and as pursued will next be undertaken.
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3.3 Summary of Experiments
Refrigerant R-134a was employed for all experiments. Two experiments
were performed to characterize the losses from the test section, then twenty-six
experiments were conducted in ten sessions. For each expansion, an experimental
session began at a nominal flow rate of 2gs ,and the heater power was increased
from zero in steps until critical heat flux (CHF) was reached. The heaters were
then turned off and the flow rate was increased to 3gs , and the heaters were
turned on at a nonzero power, typically the nearest lower multiple of 100W,
and power was again incremented up until CHF was reached. The heaters
were then turned off, the flow rate was increased to 4gs . Two sessions like
this were performed for each expansion angle, making eight sessions, and two
additional sessions obtained data for 1◦ expansion at 3gs , and 2
◦ expansion at
2gs . The true flow rate varied due to pressure fluctuations in the system, which
is a pumped-loop without an accumulator. The system schematic is displayed
in Fig. 3.14. Data for all experiments were collected via LabVIEW [84] at 5Hz
sample rate, and data postprocessing was accomplished in MATLAB [83].
Experiments were carried out following a checklist, which records are included
as Appendix B. Flow rates were transcribed based on visual observations, and
power inputs were transcribed based on multimeter readings. Each non-loss
experimental session took several hours to complete, and icewater was supplied
to the condenser by submersible pumps in a simple cooler. Ice additions altered
the dynamics of the system slightly, and were avoided when CHF was thought
to be near. The addition of ice would cause a system pressure drop, which
would raise the boiling point of the refrigerant, potentially tripping the CHF
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mechanism. Certain pressure artifacts are the result of ice addition, but these
are faithfully maintained in the analysis.
Experiments were conducted variously by Mr. Carlos Ortiz and the author,
and thanks are due to Mr. Ortiz for all of his patient work. After constructing
and validating the test section, calibrating the thermocouples in hot water
and ice, and verifying function of all equipment, experiments proceeded fairly
smoothly over the course of twelve days in May, 2012. Minimal issues were
encountered, though the procedure for disassembling and reassembling the test
article had to be refined. Unfortunately, the lab flooded about a month after
experimentation had concluded, causing great disarray, and after the ensuing
cleanup and rebuilding, the test loop has not behaved correctly. As sufficient
data were taken in May, this is not considered an impediment to the present
work, and is viewed as a natural end to experimental investigation using this
apparatus.
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Chapter 4
RESULTS
The effect of an expanding microchannel cross section on critical heat flux
in flow boiling is experimentally investigated across four rates of expansion.
The development of the pumped-loop apparatus and test section has been
discussed, along with appropriate characterization of the test apparatus. An
optimum expansion angle allowing maximum heat flux is observed, the location
of which increases with the mass flow rate. The boiling number does not
indicate any optimum in the range observed, showing a nearly-monotonic
increase with expansion angle. The familiar increase in critical heat flux with
mass flux is observed, though expansion shifts the CHF-mass flux curves in
a favorable direction. The existence of an optimum expansion angle confirms
the hypothesis of optimized expansion, and suggests that microchannel heat
sinks offer opportunities for methodical improvement of flow boiling stability
and performance.
4.1 On Critical Heat Flux
The present author set out to search for an optimum expansion geometry in
an array of parallel microchannels. Besides the successes of other researchers
as above, this work was motivated by a numerical investigation undertaken by
the author and colleagues [85], which employed the CHF criterion of Revellin
and Thome [55] and sought to use a simple ordinary differential equation model
of separated flow in a rectangular channel to explore the expansion-space of a
variably-sized array of microchannels. For a given flow rate, a maximum CHF
appeared in the output at a particular channel expansion. Other researchers
have left no doubt of the reality of improved boiling through expansion; below
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are presented the results of the current experimental investigation of tuning
channel expansion.
The data seem to confirm the hypothesis advanced by Miner et al. [85, 51]
that improvement of CHF via expansion of a microchannel cross-section is
an optimizable phenomenon. The CHF values obtained in the experiments
are presented in Fig. 4.1, along with a dashed line showing the mean of
the data points at a given expansion. Error bars are presented only on the
2gs line for clarity, but their magnitude is representative. Table 4.1 details
the uncertainties in all of the points. A maximum CHF appears for both
2gs and 3
g
s nominal flow rates, and the location of this maximum appears to
move to the right, towards greater expansion, as the flow rate increases. No
maximum is observed in the 4gs nominal case, though the authors expect that
this maximum would appear with a sufficiently large expansion. The mass
flow rates reported in Fig. 4.1 are nominal values, and Table 4.1 presents
results and uncertainties along with the true mass flow rates and the boiling
number at the moment CHF occurred.
The boiling number Bl is defined as:
Bl =
q˙
hLV ·G (4.1)
where q˙ is heat flux, hLV is the specific latent heat, and G is the mass flux.
Because mass flux is defined as:
G=
m˙
Ax
(4.2)
where m˙ is the mass flow rate and Ax is the channel cross-sectional area,
expanding channels may have a unique boiling number for every station along
the flow direction. The boiling number is presented in Table 3 for the average
total channel cross-sectional area, which includes all 31 channels. The inlet
state, including subcooling, is averaged over the 30 seconds prior to CHF.
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Figure 4.1: OPTIMUM EXPANSION WITH MEAN LINES
Identification of the location of the CHF event in a given experiment
was performed visually from an examination of thermocouple temperature
data. When critical heat flux occurs, the boiling is unable to reject all of
the heat input to the system, and temperatures rise rapidly. From a controls
perspective, it is the point where the system becomes unstable to perturbations
in heat input. This behavior is illustrated in Fig. 4.2, in which the system
temperature response to step changes in power input is clearly stable for most
of the experiment, until an inflection point occurs and the temperature curves
become concave-up, and runaway ensues. The data in Fig. 4.2 is from the
0.369◦ expanding channel array with 3gs of flow. The step changes in heat
input are presented on the right axis, and the temperature response of a
representative thermocouple, labeled C, is on the left axis. The inflection
point occurs sometime after the final step change in the applied power, and
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Table 4.1: CHF DATA POINTS WITH 95% UNCERTAINTY
Angle Mass Flow Avg. Inlet Inlet Inlet Critical Avg. Bl
(Deg. Rate Subcool Temp. Pres. Heat Flux ×103
±0.05) (g/s) (◦C) (◦C) (kPa±4) (W/cm2) (dim)
-0.02 2.22± 0.04 0.8± 1 5.4± 1 365 263± 31 16.9± 0.4
-0.02 1.74± 0.04 0.9± 1 3.3± 1 340 178± 25 14.5± 0.4
-0.02 3.05± 0.05 2.1± 1 6.4± 1 393 377± 34 17.8± 0.4
-0.02 3.19± 0.05 2.3± 1 6.7± 1 401 387± 33 17.5± 0.3
-0.02 3.96± 0.05 4.4± 1 5.8± 1 417 414± 37 15.2± 0.3
-0.02 3.96± 0.05 3.7± 1 6.3± 1 414 439± 37 16.1± 0.3
0.37 2.15± 0.04 1.0± 1 5.9± 1 372 323± 26 20.8± 0.4
0.37 2.29± 0.04 0.9± 1 4.9± 1 359 323± 29 19.5± 0.4
0.37 3.40± 0.05 2.1± 1 6.6± 1 397 397± 36 16.3± 0.3
0.37 3.33± 0.05 1.9± 1 6.5± 1 393 413± 36 17.3± 0.3
0.37 3.89± 0.05 2.7± 1 5.8± 1 395 442± 36 15.9± 0.3
0.37 4.03± 0.05 3.1± 1 5.7± 1 398 466± 40 16.2± 0.3
0.96 2.36± 0.04 0.8± 1 4.5± 1 353 339± 26 25.5± 0.5
0.96 2.08± 0.04 0.8± 1 4.0± 1 347 299± 23 25.4± 0.5
0.96 3.12± 0.05 1.2± 1 5.3± 1 369 403± 32 23.0± 0.5
0.96 3.54± 0.05 2.0± 1 5.3± 1 378 448± 34 22.6± 0.4
0.96 2.98± 0.05 1.2± 1 5.4± 1 370 385± 29 23.0± 0.4
0.96 4.03± 0.05 2.0± 1 5.3± 1 378 449± 36 19.9± 0.4
0.96 3.96± 0.05 3.1± 1 4.9± 1 388 463± 34 21.0± 0.4
1.82 1.87± 0.04 0.7± 1 4.1± 1 347 309± 24 32.8± 0.7
1.82 2.36± 0.04 0.8± 1 4.5± 1 353 337± 29 28.5± 0.7
1.82 2.01± 0.04 0.8± 1 4.1± 1 349 289± 23 28.7± 0.7
1.82 2.57± 0.05 1.1± 1 4.7± 1 360 380± 31 29.6± 0.7
1.82 3.12± 0.05 1.2± 1 5.7± 1 374 413± 33 26.6± 0.6
1.82 4.03± 0.05 3.1± 1 4.8± 1 387 489± 41 24.5± 0.6
1.82 3.96± 0.05 2.9± 1 5.1± 1 388 489± 39 25.0± 0.5
the CHF event is declared to occur at the beginning of the sharp increase in
temperature. One hundred and fifty data points (thirty seconds) immediately
prior to this spike are averaged on all properties to obtain the values at the
critical event.
The typical increase of critical heat flux with mass flux is observed, as
Fig. 4.3 demonstrates. These data were not fitted, though they certainly
trend monotonically upward with mass flux, and it is clear that expanding the
channel cross-section substantially shifts the curves towards higher heat fluxes
for a given mass flux. Because the mass flux varies through the channel, and
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what is presented here is taken at the channel average cross-sectional area, the
optimum depicted in Fig. 4.1 is not seen on Fig. 4.3. This is due entirely to
the increased channel cross-sectional area used to obtain the mass flux. If the
engineer is designing towards the physically salient variables of mass flow rate
and plan area of the evaporator, there is an optimum expansion.
Following Lee and Pan [35], who define mass flux using the average cross-
sectional area of their expanding channel, the average boiling number is presented
graphically in Fig. 4.4. Substantial increase in the boiling number is observed
with expansion, though no optimum appears. The dashed lines represent 95%
confidence bounds of a linear fit to the data for each expansion angle. The
possibility of a maximum boiling number for a given expansion angle is clear,
because having no flow through the channels would result in very limited pool-
boiling, and the straight-channel case may exhibit this behavior. The boiling
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Figure 4.3: CHF VS MASS FLOW RATE
number conveys a sense of the efficiency of a boiling channel, as it compares
the heat flux rejected with the plumbing required to carry that heat away.
Expanding the channel seems to uniformly improve this efficiency of boiling,
though plainly higher mass flow rates are penalized. The boiling number is
inversely related to mass flow rate, while the heat flux attained (in Fig. 4.3)
appears to also grow quasi-linearly. The decrease of the boiling number with
respect to mass flow rate forces the conclusion that critical heat flux has a
somewhat sub-linear dependence on mass flow rate, at least for expanding
channels. Conclusions in this vein are difficult to draw from the straight-
channel boiling numbers, as the data have such scatter.
An unexpected feature was the reduction of inlet subcooling for higher
expansion angles. Figure 4.5 shows this effect becoming apparent at higher
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mass flow rates. The authors suppose this is due to the significant pressure-
drop reduction which accompanies expansion, to be detailed in a forthcoming
paper. The non-accumulated pumped-loop system finds a temperature-determined
operating pressure, but when the pump load is eased as with expanding
channels, the pressure in the inlet plenum is not as high, resulting in less
subcooling. This may be related to the increased boiling number observed in
expanding channels, as less energy is spent on sensible heating in expanding
channels and more of the length is occupied with high-heat-flux flow boiling.
A very surprising feature was noted in the straight-microchannel apparatus
after experimentation was concluded: damage appeared in the copper, looking
very much like early-stage cavitation scarring. Figure 4.6 shows the outlet face
of the straight channel turret, and bubble-like damage patterns are circled on
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Figure 4.5: EXPERIMENT-AVERAGED INLET SUBCOOLING
the end faces of some of the fins. This damage did not appear on the other
turrets, however, and it should be noted that the straight-channel turret spent
more time in the test section, as it was employed during troubleshooting and
calibration. The pressure drop occurring when liquid refrigerant exits the
channels to the outlet plenum can result in flashing, and the lowest pressure
regions would be the outlet faces of the fins. These sites may therefore
be prone to cavitation-type nucleation-induced spall damage. A reduction
in the outlet pressure accompanies expansion of the channel cross-section,
and this may ameliorate the likelihood of damage and account for the lack
of observed damage in the other turrets; the beneficial pressure effects of
expanding microchannels are taken up by the authors in a forthcoming publication.
The largest observed damage site was approximately 60μm diameter , and
sites are observed down to 15μmin diameter and below, though it becomes
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Figure 4.6: DAMAGE AT STRAIGHT-CHANNEL OUTLET
increasingly difficult to distinguish between possible damage sites and surface
roughness features. A brief examination of the critical bubble radius [70]
indicates that these site sizes lie within the bounds of the minimum and
maximum critical bubble radii. The authors have not encountered a description
of this damage in the literature, and it may be noteworthy, particularly to the
applications engineer who wishes to design for a long service life.
Surveying the larger implications of this work, the author notes that expanding
microchannels wire-EDM cut into copper make effective, packageable, heat
sinks which can be optimized for a particular application. Analytical work by
Miner and Phelan [51] indicates that this optimum may be predictable based
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on existing predictive CHF criteria, leaving one fewer barrier to deployment
of boiling flow in microchannels for high-heat-flux cooling.
The author supposes that the optimum expansion angle results from the
competition of thin-film boiling and increase of wetted perimeter in the channel.
A very thin film boils surpassingly well, so increasing the wetted perimeter
and thinning the liquid that hangs on to the walls due to capillary action
should improve boiling heat transfer. However, thinner films boil off rapidly,
leaving vapor-to-substrate contact governing the heat transfer. Higher mass
flow rates and the attendant higher pressure drop across the channels mean
that more liquid is forced to participate in the interaction with the wall, and
dryout is less likely. Conversely, the liquid is unable to boil off as completely,
which would seem to explain the degraded boiling numbers at higher mass flow
rates. It is the opinion of the authors that instabilities and bubble-choking
in channels are not the central issues of boiling enhancement, though they
are certainly impediments to it. Maintaining intimate contact between the
liquid phase and the substrate is essential to effective flow boiling, and the
scale of the channels considered is such that capillary forces are consequential,
so it stands to reason that drawing the liquid out onto a larger heated area
should improve performance. This improvement is independent of the Joule-
Thompson flashing effect noted by Odom et al. [25], which is in press.
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4.2 On Pressure Drop
The pressure effects of expanding the cross-section of microchannels along
the direction of flow are investigated across four rates of channel expansion in
the flow boiling of R-134a. Significant beneficial pressure effects are observed
to result from the expansion, including reduction by half of the pumping
cost per flow rate at critical heat flux. The improvements are seen with
small expansions, and greater expansion yields diminishing returns. The
high pressure drops associated with microchannel evaporators are effectively
ameliorated by expanding channel geometry, and the low-frequency system
spectral response indicates that expanding channel arrays typically carry less
energy in oscillations up to 2.5Hz, suggesting amelioration of oscillatory instabilities.
Results are discussed in light of a comparative force analysis, with the balance
of these forces linked to the observed behavior of the pressure drop and heat
flux relationship.
Substantial improvement in stability and reduction in pressure drop across
the microchannel array during boiling was observed, in line with the observations
of other researches [39, 37]. Figure 4.7 displays linear fits of pressure drop
to mass flow rate for each array, along with the confidence bound on the
fit. Scaling by flow area would be equally applied to all points, and the
overall behavior of Fig. 4.7 would be unchanged, therefore the mass flow,
rather than mass flux, is maintained on the abscissa to keep the figure as
much like a practical pump curve as possible. The slope of the pump curve
is nonlinearly affected by expanding the channel cross-section, with a small
expansion providing immediate relief, as shown in Fig. 4.8.
The pressure drops in Fig. 4.7 are taken at the moment CHF occurs, as
79
1.5 2 2.5 3 3.5 4 4.5
10
20
30
40
50
60
70
80
90
Mass Flow Rate (g/s)
Pr
es
su
re
 D
ro
p 
(k
Pa
)
 
 
0o
0.5o
1o
2o
Figure 4.7: PRESSURE CURVES AT CHF WITH CONFIDENCE BOUNDS
determined by assessment of thermocouple temperature data, and described in
a closely related study [52]. The average pressure drop across the microchannel
array during an entire experiment is presented in Fig. 4.9, again with confidence
bounds on the fit. The behavior follows the same pattern as the curves at CHF,
with only minor differences. The substantial reduction in pressure drop is not
restricted to values at or near CHF, but extends across the range of heat
inputs. Of course, the pressure drop is a strong function of the applied heat
flux, because it is the generation of vapor that poses the unique challenges to
two-phase flow.
The single-phase pressure drops were obtained only in the 2gs cases, as the
apparatus was not permitted to fully cool between mass flow rate changes.
Single-phase pressure drops do appear to be reduced with expansion, from
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∼ 5kPa to ∼ 1kPa, but this cannot be concluded satisfactorily, because the
uncertainty on the outlet pressure transducer is of the same order of magnitude
as the results. The behavior may stand to reason, however, for the simple
reason that the channel gets progressively larger, thus offering less resistance
to flow per Poiseuille [19], in spite of the reduced flow velocity. Figure 4.10
shows the single-phase pressure drop plotted against expansion angle, as the
mass flow rates were all very similar.
Figure 4.11 displays the normalized power spectral density of the pressure
drop for each experiment. In the interest of space, axis labels are omitted
on the figure, but all abscissae are frequencies in Hertz and all ordinates are
power spectral densities normalized by the absolute maximum value across
experiments, which occurred for the 2 gs straight channel second experiment.
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Figure 4.10: SINGLE-PHASE PRESSURE DROP
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Plots were obtained by employing the fast Fourier transform algorithm fft in
MATLAB [83] on unbiased pressure drop readings (eg. (pin− pout)−mean(pin−
pout)), and frequencies are presented up to 2.5Hz, which is one half of the
sampling rate of the DAQ. Sampling rate was limited by the duration of
the experiments and the desire to have manageably-sized data files. Like
expansion angles are collimated on the figure, and like nominal mass flow
rates are grouped by horizontal lines. The ordinates are all scaled alike, so
quick comparison may be performed visually.
Increased mass flow rates seem to improve stability at the very low frequencies,
but may exacerbate an oscillation that appears as a bump around 1 Hz in
several measurements. Higher expansion angles seem to reduce the intensity
of this bump, and the line becomes much cleaner in general, indicating that
expanding microchannels reduce the energy of oscillatory modes characteristic
of the flow-reversal instabilities plaguing microchannel flow boiling. Table 4.2
displays the relevant statistical quantities for the normalized PSDs, averaged
over each expansion angle. The trends are similar regardless of mass-flow-rate
normalization, and the expanding channels all have quantitatively less noise
in the pressure signal than the straight channels. The 1◦ channels are worse
than the other expanding channels, and no explanation for this is evident at
this time, however, the 1◦ behavior is superior to the 0◦ channel behavior, and
the other expansions are vastly superior to both. It is clear that the expansion
of the cross-section of the microchannel substantially cleans up the pressure
behavior of the array.
It is true that by placing the pressure taps in the inlet and outlet plena
of the apparatus, responsiveness of the pressure signals is lost. This ought to
buttress the above arguments, however, because the damped pressure signals
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Table 4.2: POWER SPECTRAL DENSITY STATISTICS
All Values ×103
Nominal Expansion Mean ς Variance
0◦ 4.8584 13.2193 0.2625
0.5◦ 1.6499 6.1153 0.0460
1◦ 2.5867 10.8865 0.1584
2◦ 0.9250 3.7774 0.0271
still retain notable peaks as discussed. Once again, the uniform test apparatus
with its replaceable microchannel turret allows consistent comparison across
test articles, justifying these comparisons.
Chen and Garimella [50] ascribe to the CHF phenomenon a concomitant
dramatic reduction in the pressure drop, likely due to the dominance of lower-
friction vapor-only flow. This investigation observed similar behavior more
frequently in straight channels, but this behavior was ameliorated in expanding
channels. The data seem to indicate that the expanding channels decouple
the CHF phenomenon from the undesirable abrupt pressure drop collapse. It
bears repeating that pressure drop and heat input remain strongly coupled in
the expanding channels, but the degree of this coupling decreases for larger
channel expansions, as may be seen from Fig. 4.12.
Figure 4.12 shows results averaged over periods of constant heater input
power for every experiment performed. Heat flux into the channel array lies
on the abscissa, and the ordinate plots the pressure drop over mass flux.
Three data points are omitted from the plot because of unreasonably high
heat fluxes (from 2-6x those shown), and eight data points are omitted from
the plot because of negative heat fluxes, which would have occurred between
experiments when the heaters were off and refrigerant was still flowing. Data
points with low heat fluxes (q˙≤ 1 Wmm2 ) are considered somewhat suspect because
of the highly transient conditions present during low heat fluxes, which were
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Figure 4.12: HEAT FLUX EFFECT ON PRESSURE DROP
passed through quickly on the way up to higher values. As noted, the author
was initially concerned primarily with the CHF event, and did not dwell on
lower heat fluxes for long.
The trend shown in Fig. 4.12 is clear: cross-sectional expansion of the
microchannel reduces the deleterious effect of heat input on the pressure
drop across the array. This augurs well for the employment of expanding
microchannels, as the feedback effect from higher heat rates increasing the
required pressure drop is ameliorated.
Improved stability is also evident from an examination of the outlet qualities
attained by the expanding channels. A more stable channel will tolerate a
lower outlet quality and continue to function. The values of the outlet qualities
are calculated based on the known inlet state and the known heat input, due
to the inability of pressure and temperature sensors to obtain quality values
at the outlet. Figure 4.13 shows the outlet qualities across various mass flow
rates for the four specimens. It is clear that the general trend is for expanding
channels to allow increased outlet quality, indicating a stability improvement.
The enhanced outlet quality is not adequately explained by the reduced inlet
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Figure 4.13: OUTLET VAPOR QUALITY
subcooling of the expanding channels, as the additional heat input required
to raise the quality is about four times greater than the heat input required
to make up for the largest difference in subcooling shown in Fig. 4.5, and the
most dramatic outlet quality difference occurs for lower mass flow rates, where
there was no appreciable difference in the subcooling between the expansions.
4.3 Discussion of Results
Little has been said thus far of the physical phenomena underlying the
observed behavior of the expanding microchannel array. The physical scientist
will wish to know which forces are acting inside the channel. The engineer will
wish to know which of these forces matter, and what may be done to obtain a
given objective. Kandlikar [86] provides an excellent discussion of these effects,
and settles on the inertia, surface tension, shear, buoyancy, and evaporation
momentum forces as the candidates for significance. The formulations here
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employed are those which consider force over a unit area, and are cast into
variables more appropriate to a system designer.
The inertial force scale Fi considers momentum flux through a given area
as:
Fi ∼ m˙VA ∼
m˙2
ρd4
(4.3)
where m˙ is the mass flow rate, V the average velocity, A the local flow cross-
sectional area, and ρ the fluid density (as appropriate to the quality at a given
station). Already it is evident that this quantity will change in magnitude
drastically as the density of the flow drops during boiling.
The surface tension force scale Fσ follows from the Young-Laplace equation
[87, 88] applied to the bulk channel dimension as:
Fσ ∼ σd (4.4)
where σ is the surface tension of the liquid phase of the fluid, and d is the
relevant channel dimension; either radius or diameter may suffice, as the order
of magnitude is unchanged by the factor of two.
The shear force scale Fτ will be treated as Newtonian, with shear stress
proportional to the velocity gradient at the wall. When the channel is full of
liquid, flow is likely to be laminar and have a velocity gradient proportional to
the velocity. As vapor is generated in what is assumed to be an annular core,
the liquid film against the walls is subjected to a zero-velocity no-slip condition
at the wall and a matching-velocity no-slip condition at the vapor. When the
vapor density is significantly less than the liquid density, as is common in
refrigerants, the vapor velocity will be large. Regardless of the particular
shape of the velocity distribution in the liquid, the velocity gradient in the
increasingly-thin liquid film may be reasonably assumed to vary linearly with
the vapor core velocity, as this situation approaches a type of Couette flow.
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Thus, the force scale may be simply represented as:
Fτ ∼ μVd ∼
μm˙
ρd3
(4.5)
where μ is the liquid viscosity, V the velocity of whatever phase is appropriate,
and ρ is again the quality-weighted bulk fluid density.
Gravity may affect the flow, even though the masses involved are small,
and the characteristic buoyancy force Fg is a function of the density difference
as:
Fg ∼ (ρL−ρV )gd (4.6)
where g is the acceleration due to gravity.
The fluid boiling in the channel advances in the vapor phase, with a higher
velocity than the liquid phase. Thus, as fluid is boiled, the conservation of mass
requires that it is accelerated forward, developing a thrust. The evaporation-
momentum force scale FM, becomes:
FM ∼
m˙Vgen(VV −VL)
d2
∼ q˙Lm˙
hLVd3
( 1
ρV
− 1
ρL
)
(4.7)
where m˙Vgen is rate of vapor mass generation and L is the channel length.
The force scales discussed above are all presented as pressures, and it
may be fair to gage their relative effects by considering how they act on
the liquid-vapor interface. Until flow reversal occurs, the momentum forces
will tend downstream. The liquid vapor interface in annular separated flow
is distended from the minimum-area shape sought by the surface tension,
which will tend to pull liquid downstream; this follows from consideration
of a microchannel as a capillary tube. Shear forces will resist motion, so until
flow reversal occurs, these forces will be directed upstream. Gravity will be
directed according to the channel orientation. Evaporation momentum thrust
will always tend to drive the interface upstream. The system driving pressure,
89
Table 4.3: SENSITIVITY OF FORCES TO CHANNEL EXPANSION
Force Inertia Surf. Tens. Shear Buoyancy Evaporation Thrust
Expression m˙
2
ρd4
σ
d
μm˙
ρd3 (ρL−ρV )gd
q˙Lm˙
hLV d3
( 1
ρV − 1ρL
)
∂F
∂ε
−4m˙2z
ρd5
−σz
d2
−3μm˙z
ρd4 (ρL−ρV )gz
−3q˙Lm˙z
hLV d4
( 1
ρV − 1ρL
)
typically from a pump or compressor, will define the downstream direction.
Notably, only driving pressure, evaporation momentum, and capillary forces
have orientations independent of the instantaneous flow behavior. This physically
grounds the observation that re-wetting dry channels or overcoming flow reversals
is a difficult task: the inertia force has reversed direction, and must now be
overcome. Additionally, the evaporation momentum thrust tends to increase
during dryout events, as thin liquid films evaporate extremely well, temporarily
increasing the vapor mass generation rate.
The sensitivity of each of these force scales to the channel expansion is a
quantity of interest. Table 4.3 presents the results of the sensitivity analysis,
in which the diameter is defined as d = d0 + εz and the resulting expression
is differentiated with respect to the small parameter ε . A visualization of
these force scales, a la Kandlikar [86], is presented in Fig. 4.14, assuming a
representative 3gs flow of R-134a at 350kPa in a 10mm long channel with an
average quality of 0.5 and a heat flux of 500 Wcm2 .
All of the forces diminish with channel expansion, with the exception of
buoyancy, and all force scale effects increase linearly with the length of the
channel. The more significant quantity may be the strength of the relationship
between a force and the channel diameter d, and by extension the expansion
parameter ε . The inertia force is the most sensitive, dropping off as d5. This
force scale tends to have the largest magnitude in small channels, and may be
directed downstream in typical flow patterns, or upstream during flow reversal.
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Reduction of the inertial force scale allows the conclusion that an expanding
channel will be easier to re-wet after a flow reversal.
Shear and evaporation momentum forces fall off as d4, a steep reduction,
but not so steep as inertia. The evaporation thrust force is always working
against the desired flow direction, so its reduction with expansion is seen as
a significant benefit. The reduction in shear force comes from the easing of
the velocity gradient with an expanding channel; this is seen as a benefit, as
it contributes to the diode-like properties of the channel, easing flow in the
direction of expansion.
The surface tension force diminishes as well, but not nearly so rapidly. The
d2 dependence means that this force will increase in magnitude with respect
to inertia, shear, and evaporation thrust; the surface tension is almost always
helpful, re-wetting walls and pulling liquid from the wetter to the drier end of
the channel. This is clearly a beneficial effect of the channel expansion.
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Buoyancy alone becomes more significant as the channel expands. This
effect would be most pronounced in vertical orientations of the evaporator,
but since Lazarek and Black [44] did not report any significant directionality
to their results for upflow and downflow, directionality is not expected to be
a first-order influence on the flow boiling behavior.
If the critical parameter for predicting pressure drop in a microchannel
array is driven solely by evaporation thrust and momentum, we may require
that FM < Fi:
q˙Lm˙
hLVd3
( 1
ρV
− 1
ρL
)
<
m˙2
ρd4
(4.8)
which may be rearranged to yield the dimensionless term that predicts this
behavior as:
q˙Ldρ
m˙hLV
( 1
ρV
− 1
ρL
)
< 1 (4.9)
and since the momentum at the exit of the channel will be most significant in
predicting flow reversal, the appropriate ρ value is likely to be that of vapor,
which is typically much less than the density of liquid refrigerant, resulting in
a familiar group of terms:
q˙d2
m˙hLV
L
d
= Bl · L
d
(4.10)
Equation 4.10 indicates that the critical parameter in flow reversal, which
may precipitate critical heat flux, is linked to the boiling number and the
confinement of the channel. This parameter appears in a great many CHF
predictions, but as the author has argued elsewhere [51], is not necessarily a
reliable group to employ for expanding channel diameters.
If more forces are allowed to participate in the equation, perhaps even
all five of the aforementioned groups and the system driving pressure ΔP, it
may be expected that flow reversal in an channel inclined at angle θ to the
horizontal is predicted if FM +Fτ +Fg · sinθ < ΔP+Fi+Fσ . Employing the
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force scales discussed above yields:
q˙Lm˙
hLVd3
( 1
ρV
− 1
ρL
)
+
μm˙
ρd3
+(ρL−ρV )gdsin(θ)...
< ΔP+
m˙2
ρd4
+
σ
d
(4.11)
and by invoking the density arguments previously made and normalizing by
the inertial force scale, which results in the pressure drop being presented as an
Euler number Eu (representing the ratio of imposed pressure forces to inertia
forces), Eq. 4.11 becomes:
Bl
L
d
+
μd
m˙
+
(ρL−ρV )ρVgd5sin(θ)
m˙2
− ρVσd
3
m˙2
−1 < Eu (4.12)
The first term remains as before, but several other pertinent terms are built
into Eq. 4.12. The second term is observed to be the reciprocal of the Reynolds
number Re, the third term contains the Eo¨tvo¨s (Bond) number Eo combined
with the Weber numberWe (conceptually equivalent to the Richardson number
Ri) and inclination, and the final term on the left is noted to be the reciprocal
of the Weber number, and a further rearrangement yields:
Bl
L
d
+
1
Re
− 1
We
+
Eo · sin(θ)
We
−1 < Eu (4.13)
The sum of effects on the left-hand side of Eq. 4.13 must not exceed
the Euler number. This expression captures the salient effects of geometry,
refrigerant parameters, and experimental outcomes (in Bl and Eu), and represents
the link between the physical performance of the system and the constituent
elements. It is not clear if Eq. 4.13 has predictive value, or is restricted to a
qualitative tool, but it may provide a starting point for predictive evaluations
of flow boiling pressure drop and critical heat flux in microchannel arrays.
Equation 4.13 provides a conceptual framework for the manipulation of
the relevant channel parameters affecting pressure behavior in the channel
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array. Large boiling numbers are deleterious, as are large L/d ratios and
small Reynolds numbers. Small Weber and Eo¨tvos numbers are helpful, along
with small inclinations of the channel. Large Euler numbers provide room
for the other parameters. The relative magnitude of these effects will become
apparent after some thought, as common channel conditions involve Re>> 1,
L/d >> 1, We >> 1, Eo ∼ 1, leaving the boiling number and Euler number
as the variables most readily manipulated. Given a certain refrigerant and a
target heat flux, minimization of the sum on the left-hand side of Eq. 4.13
would illuminate the desirable parameter space in D and L, which are likely
to be the design variables in evaporator or boiler design. The insertion of the
expanding channel diameter d = d0 + εz would add ε to the parameter space
and allow the application engineer to select a desirable geometry and estimate
the attendant pressure drop penalty.
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Chapter 5
CONCLUSIONS AND FUTURE WORK
The work presented herein lays out an eminently usable enhancement to
microchannel evaporators. The effects of channel cross-sectional expansion
have been demonstrated to increase the critical heat flux attainable by an
evaporator while reducing the pump work required and improving the stability
of the cooling system. The experimental and analytical investigation provides
support for the thesis of optimizable expansion for critical heat flux, and
significant but decaying pressure-drop improvement is expected and observed.
The study is not without its flaws, but it is hoped that the matters discussed
are of interest and use to the broader engineering community.
5.1 Concluding Thoughts
Experiment bears out the thesis that expanding the cross-section of a
microchannel in the flow direction is an optimizable phenomenon. The location
of the optimum tends to higher expansions with increased mass flow rates.
Boiling numbers are also increased by cross-sectional expansion, indicating
improved consumption of latent heat in expanding-channel evaporators. Expansion
of the microchannel cross-section in the flow direction is readily done with
conventional fabrication techniques, and the optimum improvement does not
require dramatic expansion of the channel, leaving the conduction heat path
minimally affected.
The present study has focused on the very practical question of extracting
more heat from a fixed plan area, and contributes to the currently small
body of data for flow boiling in arrays of expanding microchannels. The
authors sought to see with the eyes of the applications engineer, who wants
comprehensible solutions to immediate problems, and inexpensively-fabricated
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expanding microchannels tuned to unique operating conditions may fit the
bill. It is hoped that this and subsequent pressure-related work aids the
understanding and speeds the deployment of microchannel boilers and evaporators.
Wire-EDM cut microchannels were not expensive, and required very little
by way of specialized equipment, simply a 3-axis wire EDM device and conventional
machine tools. The author spent $200USD per channel array per turret, and
that reflects low-volume piecework with time spent in dialog with the tool
shops. There is no reason why the cost could not come down substantially
with volume, or even with the employment of a microblade saw. The packaging
of the final product could be greatly simplified in a non-research context, with
the final heat sink device not much larger than the array of microchannels
itself. Finely-done friction-stir welding or copper-to-copper diffusion bonding
could be very appropriate technologies to encase the array and necessary plena.
In fine, the author is pleased to set forth research on what he believes is
a serviceable, optimizable, manufacturable engineering technology which is
likely to be increasingly demanded by the advanced power electronics making
their way to the market.
The effects of microchannel cross-sectional expansion appear to be uniformly
beneficial: reduced associated pumping cost in the loop, reduced or eliminated
low-frequency oscillatory instabilities in the system, and notable decoupling of
the thermal and mechanical behaviors of the system. Cross-sectional expansion
may prove to be an expedient method of making multiphase microchannel flow
more tractable to the applications engineer by enhancing the predictability of
a microchannel evaporator or boiler subject to a large heat flux. The reduction
in low-frequency cyclic stresses from oscillatory instabilities may allow longer
and more reliable service life to a microchannel boiling system.
96
The use of spectral analysis on boiling flow systems seems to the authors
to be an underutilized tool. Much work can be performed in this area, either
on existing data sets or in new experiments, and the spectral nature of flow
patters is expected to shed light on the nature of the instabilities present in
boiling flow. To this end, pressure taps ought to be located closer to the
evaporator array to obtain stronger signals from the source of the noise. The
disruption of oscillatory instabilities by breaking the symmetry of the channel
seems obvious from a wave-generation viewpoint, and perhaps other novel
distortions of channel geometry can further inhibit these deleterious processes.
Examination of force scales which are likely to be relevant to microchannel
flow allows insight to the effects of cross-sectional expansion on the fundamental
forces in a boiling channel. These considerations are phenomenologically
specific with respect to major refrigerant properties and apparatus geometry,
and are expected to yield qualitative guidance to the engineer wishing to design
and employ microchannel evaporators.
Channel cross-sectional expansion has a similar principle of effect as a flow
restriction, namely the insertion of a diode into the flow circuit. Making the
heat source itself act as the enforcer of unidirectional flow reduces the part
count of the system and means that the entire system will behave better.
The unpleasant side effects of flow boiling are not merely contained, but are
abated; the heat fluxes obtained from the apparatus are increased [52]; the
system becomes more stable and more capable. Well-tuned cross-sectional
expansion in a microchannel array will provide the applications engineer with a
system that is more capable, durable, and predictable at high heat fluxes. The
authors will be satisfied if this research generates discussion in the academic
community, and gratified if these methods become adopted industrially. The
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practicing engineer is, after all, the last and best audience of the research
endeavor.
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5.2 Future Work
There is much more work to be done in this field, should the author or other
investigators have support for it. The possibility of employing cross-sectional
expansion in fire-tube or water-tube boilers would give the enhancement a
global stage, though even if a favorable verdict was rendered experimentally,
the costs of manufacturing expanding tubes would of course have to be balanced
against the actual benefits obtained. In situations where pump sizing or
operating cost was an issue, the deployment of this enhancement might be
desirable. Experimental demonstration of the enhancements available at various
diameter-length scales would be a most interesting study.
Theoretically, a proper reduction of the full Navier-Stokes equations in
each of three proposed regimes (slug vapor core, sheared vapor, and sheared
liquid) might shed more light on the phenomenological competition, as well as
providing a framework for numerical study. The author regrets his inability
to accomplish this task, but it is left for another.
Significant work could be done toward the cost-effective fabrication of
channel arrays such as those investigated here, including approaches for sealing,
bonding, and plumbing the evaporator. Alternative cutting methods could be
explored, aiming at speed and reduced cost, and the plena could certainly
stand to be designed properly, rather than expediently as was done in the
present study. A software tool or simple set of equations allowing the design
engineer to calculate the desired expansion for a given array would be an
eminently useful contribution, and one the author would like to make in the
future.
Finally, it is hoped that the author’s work builds and adorns the edifice of
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engineering art and practice. It has been a personal satisfaction to the author
to work this problem from so many angles, and while the author is pleased with
the outcome of this endeavor, a widespread adoption of expanding channels in
flow boiling applications would be a gratification nonpareil.
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APPENDIX A - FABRICATION DRAWINGS
In which are contained the production drawings of the test apparatus and
associated jigging. The drawings were produced at C-size, and are reproduced
here at less than A-size, so it is possible, even likely, that some formatting will
be cramped.
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APPENDIX B - EXPERIMENT DATA SHEETS
In which are contained the records of each experimental run performed on
the flow loop, recording flow rates, power, and the checklist of experimental
steps. The sheets are reproduced from scans of the letter-size originals, and
are reduced to comply with margin guidelines. This may render portions of
the sheets difficult to read, for which the author apologizes.
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